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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

High-speed  gains  of  up  to  12  have  been  achieved  in  the  1.15-  to  1.25-nm  wavelength 
range  with  avalanche  photodiodes  of  the  quaternary  alloy  GalnAsP.  The  low-bias 
quantum  efficiency  at  1.15  was  approximately  45  percent.  When  biased  to  yield 
a gain  of  about  8,  the  risetime  of  the  avalanche  diode  response  to  a pulse  from  a 
GalnAsP/lnP  laser  was  less  than  200  psec. 

CW  operation  of  epitaxially  grown  Pb^  xSnxTe  homostructure  diode  lasers  has 
been  achieved  for  heat- sink  temperatures  up  to  100  K.  Relatively  large  output 
powers  are  observed  for  the  x = 0 devices,  the  maximum  obtained  being  4.5-mW 
single-ended  output  from  a LPE  homostructure  at  ~15  K. 

The  ion  implantation  of  Fe  in  n-type  InP  yields  high- resistivity  layers  with  p > 
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10  fi-cm.  Some  diffusion  of  the  implanted  Fe  occurs  during  the  post- implantation 
anneal,  with  the  effect  being  more  pronounced  on  samples  implanted  at  room  tem- 
perature than  in  samples  implanted  at  200  °C. 

A high-yield,  good-reliability  bonding  technique  has  been  developed  which  allows 
leads  to  be  bonded  to  small  bonding  pads  on  fragile  semiconductor  materials.  The 
technique  provides  a simple  means  of  attaching  leads  to  soft  crystals  without  ap- 
parent damage,  and  has  allowed  12-element  arrays  of  GHz-bandwidth  HgCdTe  het- 
erodyne receivers  to  be  fabricated. 

II.  QUANTUM  ELECTRONICS 

A MgF^rNi  laser  at  35  K has  been  operated  in  the  1.6-  to  1.7-jxm  region,  with  1.7  W 
of  CW  output  power,  an  absorbed  pump  power  conversion  efficiency  of  37  percent, 
and  an  absorbed  pump  power  threshold  of  50  mW.  Damped  relaxation  oscillations 
leading  to  true  CW  operation  and  lasing  up  to  a crystal  temperature  of  200  K have 
been  observed. 

A mini-TEA  CO^  laser  has  operated  at  pulse- repetition  rates  up  to  40  Hz  and  at 
pulse  output  levels  to  44  mJ.  The  laser  has  been  used  for  frequency  doubling  by 
pumping  CdGeAs^  crystals,  achieving  an  average  pulse-energy  conversion  effi- 
ciency of  18  percent. 

Efficient  four-wave  sum-and-difference  frequency  generation  of  the  outputs  of  two 
CC>2  TEA  lasers  has  been  observed  in  liquid  CO-02  mixtures  at  77  K.  The  poten- 
tial for  efficient  frequency  tripling  of  C02  laser  radiation  in  SF^  dissolved  in  liquid 
argon  has  also  been  examined. 

Double -resonance  measurements  using  CC>2  laser  excitation  have  been  used  to  pro- 
vide evidence  for  collisionless  intramolecular  energy  transfer  in  vib rationally  ex- 
cited SF^.  An  intramolecular  energy  transfer  time  of  3 ± 1 nsec  is  inferred  for  an 
excess  energy  of  three  quanta  in  the  v 3 mode. 
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III.  MATERIALS  RESEARCH 


Conversion  efficiencies  as  high  as  20  percent  have  been  obtained  for  single- crystal 
GaAs  shallow-homojunction  cells  without  Ga^xAlxAs  layers.  These  cells,  which 
are  fabricated  by  a simplified  technique  that  does  not  require  any  vacuum  process- 
ing steps,  utilize  an  n /p/p  structure  with  an  antireflection  coating  prepared  by 
anodic  oxidation  of  the  n layer. 

Ultraviolet  photoemission  spectroscopy  has  been  used  to  investigate  the  chemisorp- 
tion of  on  various  surfaces  of  TiO^  and  SrTiO^,  two  materials  that  catalyze  the 

decomposition  of  water  into  H?  and  O by  photoelectrolysis.  Several  adsorbed 

L 2 2_ 
phases  are  formed;  the  same  initial  phase,  which  is  believed  to  consist  of  O 

ions,  is  present  on  all  surfaces  for  low  exposures. 

IV.  MICROELECTRONICS 

Two  approaches  are  being  pursued  to  build  a quasi-optical  mixer  at  submillimeter 
wavelengths  to  replace  the  more  conventional  approach  of  embedding  a diode  in  a 
fundamental  waveguide.  The  first  approach  is  to  modify  the  standard  overmoded 
waveguide  diode- wafer  package  by  making  a fundamental  waveguide  insert  for  use 
with  the  package.  The  second  approach  uses  a long  traveling-wave  line  source  set 
in  a corner  reflector.  Both  configurations  are  being  modeled  at  X-band  and  are 
also  under  construction  for  submillimeter  operation. 

An  integrated  buffer  memory  having  a surface-acoustic-wave  (SAW)  input  and  a 
charge-coupled-device  (CCD)  output  has  been  designed  and  is  being  fabricated.  Ini- 
tial work  is  being  done  with  a 3.56-^sec-long  acoustoelectric  interaction  region  op- 
erating at  a 100- MHz  center  frequency  with  about  a 30-MHz  bandwidth.  The  cell 
size  of  the  CCD  has  been  chosen  based  on  the  need  to  have  an  effective  sampling 
frequency,  which  is  directly  related  to  cell  size,  that  is  sufficiently  high  to  avoid 
aliasing  but  not  so  high  that  it  overlaps  the  input  spectrum. 

Fabrication  of  the  100-  x 400-element  CCD  imager  has  continued,  and  yields  based 
on  static  testing  have  averaged  14  percent  in  recent  runs.  Dynamic  test  yields 
have  been  somewhat  lower  due  to  processing  problems  which  have  been  corrected. 
Transfer  inefficiencies  of  2 x 10  and  dark  currents  of  4 nA/cm  in  the  output 
register  have  been  measured.  Single  devices  have  been  packaged  and  operated  as 
imagers  in  the  stare- and- integrate  mode  in  anticipation  of  evaluating  them  on  the 
telescope  at  the  GEODSS  experimental  test  system  near  Socorro,  New  Mexico. 

A test  device  consisting  of  an  MOS  shift  register  and  latch  circuits  has  been  made 
to  demonstrate  the  feasibility  of  fabricating  high-performance  n-channel  MOS  logic 
devices  which  are  part  of  a programmable  transversal  filter  that  is  being  devel- 
oped. The  processing  techniques  are  compatible  with  fabricating  the  high-speed 
CCD  portion  of  this  device.  The  shift  register  has  been  operated  at  8 MHz  and  as 
slow  as  666  Hz  with  a high-state  output  of  10  V.  The  device  has  been  operated  as  a 
true  static  shift  register,  and  it  has  been  established  that  a digital  reference  can 
be  stored  in  the  static  latch  circuits  while  a new  reference  is  loaded  into  the  shift 
register. 
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Dark  current  in  buried- channel  CCDs  results  from  heavy  metal  contaminants  such 

as  gold  which  are  present  in  unprocessed  wafers  and  are  also  introduced  from 

the  wafer- processing  environment.  The  use  of  the  gettering  effect  of  a high- 
19  -3 

concentration  (>10  cm  ) phosphorous  diffusion  into  the  wafer  back  side,  the 
so-called  POGO  (pre-oxidation  gettering  of  the  other  side)  process,  along  with  the 
protection  of  an  oxide  layer,  has  reduced  gold  trap  densities  to  less  than  2 X 
1010  cm  ^ and  the  dark  current  in  gate -controlled  diodes  to  less  than  1 nA/cm^. 


V.  SURFACE-WAVE  TECHNOLOGY 

The  precise  linear  FM  response  which  can  be  obtained  from  reflective-array  com- 
pressors has  made  possible  the  realization  of  large-bandwidth  Fourier-transform 
systems  using  surface- wave  devices.  Such  systems  offer  the  potential  advantages 
of  high  speed  combined  with  smaller  size  and  less  power  consumption  than  equiva- 
lent digital  systems.  A 300-point  Fourier-transform  system  with  a bandwidth  of 
10  MHz  has  been  breadboarded  for  the  first  phase  of  the  demonstration  of  the  per- 
formance of  this  analog  approach.  The  system  is  designed  for  a combination  of 
high  precision  and  wide  dynamic  range  in  the  Fourier  transform. 

In  gap-coupled  acoustoelectric  SAW  devices,  the  silicon  strip  held  in  close  prox- 
imity to  the  surface  of  the  LiNbO^  delay  line  weakly  guides  the  surface  wave  and 
forms  an  overmoded  waveguide.  The  properties  of  the  modes  are  modified  by  the 
support  structure  (typically  ion-etched  posts  or  rails)  which  spaces  the  silicon 
from  the  LiNbO^  surface.  The  resulting  coupling  and  scattering  out  of  the  wave- 
guide cause  excess  loss  in  acoustoelectric  devices.  The  propagation  characteris- 
tics of  surface  waves  in  delay  lines  having  various  types  of  support  structures  have 
been  measured  by  electrostatic  and  optical  probes.  The  measured  mode  behavior 
agrees  with  a theoretical  model,  and  this  understanding  has  led  to  modified  geom- 
etries which  yield  improved  device  response. 

Encouraging  results  have  been  obtained  with  the  acoustoelectric  Schottky-diode/ 
LiNbO^  integrating  correlator.  Good  linearity  of  the  integration  process  has  been 
achieved  in  correlating  biphase  modulated  codes  with  4 }isec  chip  length  and  up  to 
10  msec  duration.  In  these  tests,  the  desired  signal  was  intentionally  added  to  a 
high-level  pseudonoise  interference  signal,  thereby  demonstrating  a signal- 
processing  gain  of  34  dB  in  the  presence  of  a strong  jammer.  Long- storage- time 
diode  arrays  and  application  of  a reverse  bias  on  the  array  are  essential  to  linear- 
izing the  integration  process. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  GalnAsP/lnP  AVALANCHE  PHOTODIODES 

Avalanche  multiplication  of  a photosignal  has  been  observed  for  the  first  time  in  diodes  of 

the  quaternary  alloy  GalnAsP.  The  diodes,  which  were  fabricated  from  quaternary  layers 

lattice -matched  to  InP  substrates,  had  a long -wavelength  cutoff  of  1.25  jim,  although  diodes 

having  a response  cutoff  out  to  1.6  jim  are  possible  in  this  quaternary  system  with  compositions 

still  lattice-matched  to  InP.  Avalanche  diodes  in  the  GalnAsP  material  system  are  expected  to 

have  important  applications  in  the  fields  of  fiber  optics  communications  and  integrated  optical 

circuits.  Recently,  avalanche  multiplication  at  1.2  jim  in  the  ternary  alloy  GalnAs,  lattice- 

matched  to  an  InP  substrate,  as  well  as  normal  photodiode  operation  in  GalnAsP  have  been  re- 

1 2 

ported  in  the  literature.  * 


Fig.  1-1.  Schematic  diagram 

of  (a)  normal  and  (b)  inverted  approximate  quaternary  composition 

mesa  GalnAsP/lnP  photodiode  G°o73Ifto.25Ato.5opo  so 

structures. 


Multiplication  has  been  observed  in  the  two  similar  etched  mesa  diode  structures  shown 
schematically  in  Fig.  I-l(a-b).  In  both  cases,  the  quaternary  and  top  InP  layers  were  grown  by 
liquid-phase  epitaxy  (LPE)  on  InP  substrates,  with  the  nominal  composition  of  the  quaternary 
layers  in  the  two  structures  being  GaQ  2 5^s0  50^0  50*  *n  t^le  structure  Shown  in  Fig.  I- 1(a), 

the  quaternary  and  capping  InP  layers  were  initially  undoped  (n  * 1 to  3 X 10^  cm  ^),  and  the 
p-n  junction  was  formed  by  diffusing  Zn  (an  acceptor)  through  the  top  InP  layer  into  the  GalnAsP. 

C-V  measurements  indicated  that  the  junction  was  graded  over  a range  of  1.9  ym,  with  the  net 

15  -3 

donor  concentration  increasing  from  8X10  cm  at  the  zero-bias  depletion  layer  edge  to 

1 6 — 3 

2 X 101  cm  , a value  characteristic  of  the  as -grown  layer.  This  shape  of  graded  layer  pre- 
sumably corresponds  to  that  of  the  Zn  diffusion  front. 

Mesas  of  150-jim  diameter  were  etched  using  1 -percent  Br  in  methanol  or  a 1 :6 : 1 : 1 solution 
of  HCl:HNOj :HAc:HC10^.  Contacts  of  evaporated  Au-Mg  (p-type)  and  plated  Au-Sn  (n-type)  were 
alloyed  at  400 *C.  Breakdown  voltages  of  the  diodes  were  in  the  50-  to  60-V  range.  The  spectral 


1 


Fig.  1-2.  Spectral  response  of  GalnAsP/lnP  photodiode  at  zero  bias 
and  with  sufficient  reverse  bias  to  cause  avalanche  gain  of  about  4. 


Fig.  1-3.  Multiplication  vs  applied  bias  for  same  diode 
as  in  Fig.  1-2.  Excitation  wavelength  was  1.17  pm. 
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response  of  one  of  the  devices  with  and  without  bias  is  shown  in  Fig.  1-2.  Illumination  was  from 
the  direction  of  the  top  contact,  although  the  transparent  InP  substrate  and  top  layer  will  permit 
illumination  from  either  direction.  This  feature  will  be  highly  useful  in  future  experiments  to 
measure  electron  and  hole  ionization  rates.  The  observed  signal  increase  with  bias  corre- 
sponds to  an  avalanche  gain  of  about  4.  The  shift  of  the  response  cutoff  to  longer  wavelengths 

at  the  higher  bias  is  presumably  due  to  the  Franz-Keldysh  effect,  as  has  been  observed  in  GaAs 
3 

avalanche  diodes.  Figure  1-3  shows  the  multiplication  vs  applied  voltage  for  the  same  diode 
with  1.17-[im  excitation. 

The  uniformity  of  response  of  the  devices  was  also  examined  with  a raster-scanned  focused 
spot  from  a 1.15-[im  GalnAsP/lnP  laser.  The  response  was  quite  uniform  up  to  biases  yielding 
a gain  of  4 or  5.  For  higher  reverse  voltages,  there  was  a rapid  increase  in  multiplied  signal 
at  the  edge  of  the  mesa,  indicating  the  onset  of  edge  breakdown.  This  behavior  is  to  be  expected 
from  the  normal  mesa  geometry  because  of  the  higher  field  at  the  junction  periphery  due  to  field 
crowding. 

To  reduce  the  gain  limitation  due  to  edge  breakdown,  the  inverted  mesa  structure  shown  in 
Fig.  I- 1(b)  was  fabricated  and  tested.  Again,  the  GalnAsP  layer  was  not  intentionally  doped,  and 
the  p-n  junction  was  formed  by  diffusion  of  Zn,  this  time  by  outdiffusion  from  the  heavily  Zn- 
doped  InP  substrate.  Contacts  were  applied  and  mesas  etched  as  before.  Again,  uie  C-V  mea- 
surements indicated  a graded  junction  with  characteristics  similar  to  those  described  above. 
However,  these  diodes  had  somewhat  higher  breakdown  voltages  (6  5 to  70  V),  showed  no  evidence 
of  edge  multiplication,  and  gave  somewhat  higher  values  of  gain  (as  high  as  12).  A typical  I-V 
characteristic  for  one  of  the  devices  is  shown  in  Fig.  1-4.  Raster  scans  of  the  diode  response  to 
a 1.15-jim  laser  for  conditions  of  no  gain  and  for  a gain  of  about  8 are  shown  in  Fig.  I-5(a-b). 

For  higher  biases,  the  multiplication  appears  to  be  limited  by  microplasma  breakdown  and/or 
by  excess  leakage  current,  possibly  at  the  unpassivated  surface. 

Initial  measurements  of  the  low-bias  quantum  efficiency  and  speed  of  response  of  the  diodes 
were  also  made.  The  quantum  efficiency  at  1.15  jim  was  approximately  45  percent.  When  biased 
to  yield  a gain  of  about  8,  the  risetime  of  the  avalanche  diode  response  to  a pulse  from  a 
GalnAsP/lnP  laser  was  less  than  200  psec.  At  present,  we  have  not  determined  whether  the 
observed  risetime  is  characteristic  of  the  laser  or  detector. 

Present  experiments  are  directed  toward  increasing  the  attainable  multiplication  by  lower- 
ing the  GalnAsP  carrier  concentration,  developing  better  guard-ring  techniques,  eliminating 
surface  leakage  currents,  and  reducing  the  substrate  and  layer  dislocation  densities  to  reduce 
microplasmas.  Measurements  of  the  electron  and  hole  ionization  rates  as  well  as  more  refined 
speed  and  quantum  efficiency  measurements  will  also  be  made. 

C.  E.  Hurwitz 
J.  J.  Hsieh 
R.  L.  Payer 

B.  EPITAXIAL  HOMOSTRUCTURE  Pb,  Sn  Te  DIODE  LASERS  WITH  CW 

OPERATION  UP  TO  100  K x 

We  report  CW  operation  of  epitaxially  grown  Pb^  x^nxTe  homostructure  diode  lasers  for 
heat-sink  temperatures  up  to  100  K.  This  temperature  is  comparable  to  the  maximum  tempera- 
tures reported  (80  to  120  K)  for  CW  operation  of  single  or  double  heterostructures  in  any  of  the 
lead-tin  chalcogenides  (lead  salts). 
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DIODE  9-8-77-4B-G6 
AREA  = 1.8  X 10'4  cm2 


Fig.  1-4.  Forward  and  reverse  I-V 
characteristics  of  typical  inverted 
mesa  device. 


Fig.  1-5.  Raster  scans  at  1.15-jxm  excitation 
of  150-fim-diam  inverted  mesa  avalanche 
diode.  Scan  (a)  is  at  24- V bias  and  little  or 
no  gain  (M  » 1).  Scan  (b)  is  at  71.8-V  re- 
verse voltage  and  corresponds  to  multiplica- 
tion (M)  of  about  8. 
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In  the  lead  salts,  because  of  the  small  effective  masses  of  both  electrons  and  holes  and  be- 
cause of  the  small  energy  gaps,  strong  optical  and  carrier  confinement  can  be  achieved,  in 

4 

principle,  with  properly  controlled  carrier- concentration  profiles.  As  demonstrated  here, 

CW  operation  at  least  to  temperatures  moderately  above  that  of  liquid  nitrogen  can  be  achieved 

without  heterostructures  through  the  use  of  epitaxial  techniques  and  foreign  impurity  dopants  to 

obtain  the  control  of  concentration  profile  required.  Hence,  epitaxial  homostructures  can  have 

the  advantages  of  heterostructures  while  eliminating  the  problems  associated  with  mismatches 

in  lattice  constants  and  thermal  expansion  coefficients,  factors  suspected  of  contributing  to 

lower  quantum  efficiency  and  device  degradation. 

Devices  were  grown  by  both  molecular-beam  epitaxy  (MBE)  and  liquid -phase  epitaxy  (LPE) 

using  techniques  previously  reported5^  tQ  obtain  n+-n-p+  doping  profiles.  Two  compositions, 

x = 0 and  x = 0.22,  were  grown  by  MBE.  Both  were  grown  in  a stripe  geometry  using  MgF^ 

growth  masks  with  lO-fim-wide  stripes.  The  growth  masks,  however,  cracked  during  growth 

so  that  growth  occurred  outside  the  stripes  (i.e.,  in  the  cracks).  Consequently,  the  junction 

-5  2 

area  was  not  accurately  determined.  A lower  limit  of  3.2  x 10  cm  is  the  area  of  the  stripes 

17  -3 

alone.  Bi -doped  active  regions  (n  » 5 x 10  cm  ) 1.5  \xm  thick  followed  by  Bi -doped  capping 

+18-3  +19-3 

layers  (n  « 5 X 10  cm"  ) 0.75  p.m  thick  were  grown  on  Tl-doped  substrates  (p  =*  10  cm  ). 

The  LPE  devices  were  grown  for  x = 0 only,  using  growth  masks  of  50-p.m-wide  stripes  on 

p+  Tl-doped  substrates.  The  active  n-region  was  undoped  and  probably  had  a carrier  concen- 
17  -3 

tration  of  n ^ 1 x 10  cm  due  to  stoichiometric  defects  characteristic  of  growth  from  a 
Pb-rich  solution  at  5O0°C.  Indium  rather  than  Bi  doping  was  used  for  the  n+  capping  layer  be- 
cause of  its  higher  doping  efficiency  in  the  Pb-rich  solution  growth.  The  carrier  concentration 
+ 18  -3 

was  estimated  to  be  n =*  4 x 10  cm 

In  Fig.  1-6,  CW  threshold  current  vs  heat- sink  temperature  for  the  homostructure  devices 
are  compared  with  earlier  data  for  double -heterostructure  devices.  Threshold  current  densi- 
ties cannot  be  compared  for  the  MBE  devices  because  of  the  uncertainty  in  junction  area  men- 
tioned-above.  Although  slightly  higher  temperature  of  operation  was  achieved  with  the  DH  lasers 
(~115  K),  the  MBE  homostructures  operated  to  ~100  K and  the  LPE  homostructures  operated 
to  ~80  K.  Moreover,  relatively  large  output  powers  were  observed  for  the  x = 0 devices,  the 
maximum  observed  being  4.5-mW  single -ended  output  from  an  LPE  homostructure  at  ~15  K. 

At  slightly  lower  power  levels,  the  output  tended  to  be  in  a single  mode,  as  shown  in  Fig.  1-7  for 
an  MBE  homostructure  PbTe  laser  with  2.4-mW  output  at  15  K and  0.64-mW  output  at  102  K. 

The  Pbg  22^e  ^omos^ructures  showed  maximum  output  powers  of  only  ~0.4  mW  at  15  K 

and  ~0.12  mW  at  80  K,  which  nevertheless  are  somewhat  better  powers  than  typically  observed 
in  MBE  DH  lasers.5 

The  improvement  in  output  power  observed  in  the  homostructures  is  encouraging.  Device 
degradation. has  not  been  studied  carefully  as  yet,  since  a number  of  factors  appear  to  be  in- 
volved including  packaging  techniques.  In  any  event,  the  use  of  homostructures  may  be  an  attrac- 
tive alternative  to  the  use  of  ternary  alloy  substrates  such  as  PbTe1  ^Se^,  (Ref.  7)  to  achieve 
lattice  matching  in  the  lead  salts. 

J.  N.  Walpole 

S.  H.  Groves 

T.  C.  Harman 
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THRESHOLO  CURRENT  (A) 


HEAT- SINK  TEMPERATURE  (K) 


Fig.  1-6.  CW  threshold  current  vs  heat-sink  temperature 
for  various  homostructure  and  double -heterostructure 
Pb^  Sn  Te  lasers  grown  by  MBE  and  by  LPE. 
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Fig.  1-7.  CW  spectra  of  an  MBE  PbTe  homostructure  laser  at  15-  and  102-K 
heat -sink  temperatures,  showing  nearly  single-mode  behavior  at  relatively 
large  output  power  levels. 


C.  HIGH-RESISTIVITY  LAYERS  IN  n-InP  PRODUCED  BY  Fe-ION  IMPLANTATION 

The  ability  to  selectively  form  high- resistivity  layers  in  GaAs  and  related  Ga-based  III-V 

8-17  18 

compounds  by  proton  bombardment  or  oxygen  ion  implantation  has  been  used  to  advantage 
in  the  fabrication  of  a wide  variety  of  microwave  and  optoelectronic  devices.  (For  a summary 
of  applications  see,  for  example.  Refs.  19  or  20.)  More  recently,  this  technique  has  been  used 
successfully  with  InP  to  fabricate  stripe -geometry  InP/lnGaAsP  lasers.  * However,  in  InP, 
we  observed  that,  although  proton  bombardment  can  result  in  increases  of  the  resistivity 

g 

of  p-type  material  to  greater  than  10  ft -cm,  the  maximum  observed  resistivity  of  proton- 
bombarded  n-type  InP  was  approximately  103  ft-cm  (Refs.  23  and  24).  In  an  effort  to  obtain 
higher  resistivities  in  n-type  material,  we  investigated  the  implantation  of  Fe,  an  impurity 
which  is  known  to  result  in  high-resistivity  InP  when  used  as  a dopant  during  growth  of  bulk 
crystals.^  We  found  that  the  implantation  of  Fe+  followed  by  a suitable  anneal  can  increase  the 

n 

resistivity  of  n-type  InP  to  at  least  10  ft-cm.  In  this  section,  we  discuss  the  implantation  and 
anneal  procedures  and  present  our  initial  experimental  results. 

The  n-InP  samples  used  in  these  experiments  were  cut  from  (111 )-oriented  crystals  grown 
by  the  liquid-encapsulation  Czochralski  technique  and  had  carrier  concentrations  of  (4  to  7)  X 
101D  citi  or  «1  X 10  cm-  . After  polishing,  the  samples  were  etched  in  a 1 :1 :6 :1  solution 
of  HAc:HC104:HN03:HC1  (Ref.  26).  Implants  of  Fe+  were  performed  at  both  room  temperature 
and  200 °C  with  the  samples  tilted  in  reference  to  the  ion  beam  to  minimize  channeling.  A 
multiple -energy  implantation  schedule  was  used  on  all  samples  in  an  attempt  to  create  a layer 
with  a uniform  Fe  concentration.  The  range  and  range -straggling  statistics  were  obtained  using 
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27  28 

a computer  program  developed  by  Johnson  and  Gibbons  and  based  on  LSS  theory.  The 

multiple-dose  schedule  selected  was  N at  400  keV,  0.36  N at  190  keV,  0.18  N at  90  keV,  and 

_2 

0.1  N at  40  keV  (where  N is  in  units  of  cm  ). 

o 

Following  implantation,  each  sample  was  encapsulated  with  2 500  A of  pyrolytic  phospho- 
silicate  glass  (PSG)  deposited  at  250°C.  Details  of  this  procedure  can  be  found  in  Ref.  29. 
Samples  were  then  annealed  in  flowing  nitrogen.  In  preliminary  experiments,  the  anneal  tem- 
perature was  varied  from  6 50°  to  750°C  and  the  anneal  time  from  less  than  1 min.  (pulse  heat- 
ing) to  15  min.  Although  good  results  were  obtained  over  a rather  broad  range  of  anneal  tem- 
peratures and  times,  an  anneal  at  725 °C  for  15  min.  generally  resulted  in  layers  of  the  highest 
resistivity  and  was  used  almost  exclusively  in  subsequent  experiments.  As  discussed  below, 
however,  the  anneal  schedule  does  influence  the  amount  of  diffusion  of  the  implanted  Fe  and 
may  have  to  be  modified  for  specific  applications. 

After  annealing,  holes  were  opened  in  the  PSG,  through  which  5-  to  15-mil-diam  gold 
contacts  were  plated  on  the  Fe-implanted  layers.  Illumination  from  a microscope  lamp  was 
used  during  plating  to  achieve  sufficient  electrical  conductivity  in  the  insulating  layer.  A large - 
area  gold  back  contact,  with  a measured  contact  resistance  of  a few  ohms,  was  plated  on  the 
n-type  substrate.  To  evaluate  the  effects  of  the  Fe-ion  implantations,  the  current- voltage  and 
capacitance-voltage  characteristics  as  well  as  the  equivalent  zero-bias  parallel  resistance  and 
capacitance  of  the  Au/Fe -implanted  InP/n-substrate  structures  were  measured. 

16  3 

For  material  with  an  initial  carrier  concentration  in  the  range  of  (4  to  7)  x 10  cm  , 

12  14  -2 

multi-energy  Fe  implants  with  doses  corresponding  to  N = 5 x 10  to  1 x 10  cm  were 

3 2 

investigated.  Maximum  zero-bias  resistances  (RA  > 6 x 10  fi-cm  ) were  obtained  for 

N = (2  to  6)  X 10*^  cm  For  material  with  an  initial  concentration  of  about  lO1^  cm  a dose 
14  -2 

of  N * 4 x 10  cm  gave  the  highest  resistance.  However,  the  value  of  this  resistance  was 

typically  5 to  10  times  lower  than  that  obtained  in  the  more  lightly  doped  material.  Figure  1-8 

shows  the  current-voltage  characteristics  of  a 5-mil-diam  Au  contact  on  an  InP  sample  with  an 

1 6 3 

initial  concentration  of  6 X 10  cm  , which  was  implanted  with  a multi-energy  Fe  schedule 
13  -2 

with  N = 4 X 10  cm  and  annealed  at  72  5°C  for  15  min.  The  difference  in  breakdown  voltage 
between  the  forward  direction  (top  contact  positive)  and  the  reverse  direction  is  at  least  par- 
tially due  to  the  increase  of  the  depletion-layer  thickness  in  the  n-type  substrate  with  increasing 
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Fig.  1-8.  Current-voltage  character- 
istics of  5-mil-diam  gold  contact  on 

i / o 

N = 6 x 101  cm”  InP  after  room- 
temperature  multi-energy  Fe+  im- 

13  -2 

plantation  with  N = 4 X 10  cm 
(see  text)  followed  by  725°C,  15-min. 
anneal. 


8 


reverse  bias.  The  zero-bias  resistance  is  greater  than  50  Mfl  and  the  zero-bias  capacitance 

is  1.87  pF,  from  which  one  deduces  that  the  high-resistivity  layer  is  about  0.8  (xm  thick  and 

7 

has  an  average  resistivity  of  6 x 10  fi-cm. 

■f"  7 q 

The  0.8-jxm  depth  of  the  implanted  Fe  ions  is  much  greater  than  expected  from  LSS  theory 

for  the  implant  schedule  used.  Furthermore,  samples  implanted  with  the  same  schedule  but 
annealed  at  lower  temperatures  exhibit  higher  capacitances  and  presumably  have  thinner  high- 
resistivity  layers.  For  example,  5-mil-diam  Au  contacts  on  a sample  annealed  at  650°C  had 
capacitances  of  2.70  pF,  while  those  on  a sample  annealed  at  700 °C  had  capacitances  of  2.37  pF. 

In  the  range  of  1 to  15  min.,  increasing  anneal  times  also  resulted  in  decreased  values  of  capac- 
itance. These  results  indicate  that  considerable  diffusion  of  the  implanted  Fe  must  be  taking 
place  during  the  post -implantation  anneal.  Samples  implanted  at  200°C  also  exhibited  higher 
capacitances  than  similar  samples  implanted  at  room  temperature,  indicating  that  the  Fe  diffu- 
sion can  be  reduced  by  implanting  into  heated  substrates. 

Depth  profiles  of  effective  carrier  concentrations  in  the  layers  were  obtained  from 
capacitance-voltage  measurements.  The  effective  carrier  concentration,  was  calculated 

using  the  well-known  relations 

3 

neff(x)  = 7T~  dC.  and  x = ^ 

qeA  {~d\r) 

where  n^(x)  is  the  effective  carrier  concentration  at  depth  x,  C is  the  capacitance,  A is  the 

area  of  the  diode,  V is  the  applied  voltage  (assumed  positive  in  the  reverse  direction),  q is  the 

electronic  charge,  and  € is  the  static  dielectric  constant  for  InP.  Figure  1-9  shows  the  results 

of  measurements  made  at  500  kHz  on  two  samples,  one  implanted  at  room  temperature  and  the 

13  -2 

other  at  200°C  with  the  same  multi-energy  Fe-implant  schedule  (N  = 4 x 10  cm  ).  Both 

samples  were  annealed  at  725°C  for  15  min.  Also  shown  is  the  as -implanted  Fe  profile  expected 
28 

from  LSS  theory.  In  agreement  with  the  zero-bias  capacitance  measurements,  the  low-carrier- 
concentration  region  (high-resistivity  region)  of  the  room -temperature  implant  is  «0.8  thick. 
On  the  other  hand,  the  high-resistivity  region  in  the  sample  implanted  at  200°C  is  only  ~0.55  |xm, 
which  is  closer  to  the  calculated  profile,  again  indicating  that  diffusion  during  anneal  is  less  for 
the  hot  implants. 

Both  samples  shown  in  Fig.  1-9  appear  to  have  an  anomalous  carrier-concentration  peak  at 
the  edge  of  the  high-resistivity  region,  similar  to  those  which  have  been  observed  in  proton- 
bombarded  GaAs  (see  Kefs.  9 and  12).  We  do  not  believe  that  these  peaks  are  real  "donor  peaks," 
and  we  suggest  the  following  alternative  explanation.  Figure  I- 10  is  a representation  of  the  band 
diagram  of  our  structure,  assuming  that  the  Fe  acts  as  a simple  deep  acceptor  near  the  middle 
of  the  gap  and  that  the  Fermi  level  at  the  surface  is  pinned  about  one -third  of  the  way  down  from 
the  conduction  band  edge.  For  the  implanted  layer  to  be  high  resistivity,  the  Fermi  level  must 
be  near  the  center  of  the  gap  which,  in  turn,  requires  that  the  implanted  Fe  concentration  must 
be  greater  than  about  twice  the  donor  concentration.  This  requirement  also  makes  the  "effec- 
tive Debye  length"  in  the  high-resistivity  implanted  region  short  enough  so  the  space-charge 
regions  at  the  substrate  interface  and  at  the  Au  contact  extend  only  a short  distance  into  the  im- 
planted layer.  Due  to  band-bending  near  the  interface,  the  Fe  levels  in  this  region  will  drop 
below  the  Fermi  level,  and  in  equilibrium  the  excess  Fe  levels  will  be  filled.  Although  a detailed 
analysis  of  this  model  has  not  yet  been  completed,  we  believe  that  the  charging  and  discharging 
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Fig.  1-9.  Effective  carrier  concentration  vs 
depth  obtained  from  capacitance-voltage  mea- 

1 £)  3 

surements  for  two  InP  (N  = 6 X 10  cm  ) 
samples  after  a multi-energy  Fe+  implant  and 
a 725°C,  15-min.  anneal.  One  sample  was 
implanted  at  room  temperature,  and  the  other 
at  200°C. 
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of  the  Fe  levels  with  a change  in  applied  biast  can  result  in  what  appears  to  be  a peak  in  the 

12 

carrier  concentration.  Emission  from  deep  levels  has  also  been  proposed  to  explain  similar 
results  in  proton-bombarded  GaAs. 

In  addition  to  the  implants  into  bare  n-InP  samples,  we  have  made  some  implants  through 

o 

500  A of  PSG  or  an  anodic  oxide.  Although  the  results  were  not  as  reproducible  as  those  for 

7 

samples  implanted  bare,  high-resistivity  layers  with  p > 10  12-cm  were  obtained.  The  depth 

of  the  high-resistivity  region  was  approximately  0.66  pm  for  a room -temperature  implant 
(N  = 4 X 10*^  cm  made  through  a 500-A  layer  of  PSG. 

J.  P.  Donnelly 
C.  E.  Hurwitz 


D.  POST-TO-PAD  INDIUM-TO-INDIUM  LEAD  BONDING 

A technique  for  bonding  to  small  bonding  pads  on  soft  semiconductor  materials  with  high 

yield  and  good  reliability  has  been  developed.  In  conventional  lead  bonding,  a wire  or  ribbon 

is  first  fused  to  a bonding  pad  on  the  chip  and  then  draped  over  a bonding  post,  bonded,  and  cut. 

These  pad-to-post  techniques  require  bending  the  ribbon  or  wire  after  the  pad  bond  is  made, 

and  consequently  puts  stress  on  this  bond.  The  exact  amount  of  stress  is  difficult  to  control, 

as  it  depends  upon  the  stiffness  of  the  wire  or  ribbon  and  any  mechanical  motion  of  the  wire  or 

ribbon  needed  to  complete  the  post  bond.  This  stress  presents  a major  problem  when  the  size 

of  the  bonding  pad  is  small  and  when  only  low  temperatures  and  pressures  are  allowed  in  mak- 

30 

ing  the  pad  bond,  e.g.,  in  the  case  of  the  bonding  pads  for  wide-bandwidth  HgCdTe  photodiodes. 
These  problems  have  been  solved  by  a post-to-pad  bonding  process,  which  utilizes  In-to-In 
bonds  at  both  the  post  and  pad  positions  and  soft  gold  lead  ribbon  to  minimize  bonding  tempera- 
ture, pressure,  and  stress  in  the  lead. 

The  post-to-pad  In-to-In  bonding  technique  is  shown  schematically  in  Fig.  I- 11.  The  first 
step  is  the  vacuum  deposition  of  a 1-  to  2-pm-thick  layer  of  In  on  one  surface  of  7-  x 38 -pm 
soft-gold  ribbon.  One  end  of  a strip  of  ribbon  is  placed  in  a microalligator  clip  and  the  ribbon 
cut  off  to  a length  of  about  5 mm.  The  ribbon  is  positioned  with  the  In  side  down  over  an  In- 
coated  (about  5- pm -thick) bonding  post  on  the  chip  package.  A bonding  stylus  with  a 38-pm-diam 
tip  is  brought  down,  tacking  the  ribbon  to  the  post.  However,  before  the  stylus  is  released, 
the  clip  is  pulled  away,  breaking  off  the  ribbon.  The  ribbon  is  secured  to  the  In-coated  post  by 
tapping  the  ribbon  with  the  stylus.  By  pressing  the  stylus  into  the  ribbon  and  moving  the  stylus 
sideways,  the  ribbon  can  be  repositioned  to  the  exact  location  desired.  By  pressing  on  the  rib- 
bon near  the  edge  of  the  bonding  post,  the  ribbon  can  be  bent  downward  so  that  the  end  of  the 
ribbon  is  touching  the  bonding  pad.  A 5°  to  10°  bend  appears  to  be  optimum  for  bonding.  In  the 
final  bonding  step,  the  160° C heated  stylus  is  brought  down  slowly  with  a limiting  force  of  7 g, 
making  contact  for  about  1 sec,  and  released. 

A 0.5-mm-diam,  12-element  array  of  HgCdTe  photodiodes  bonded  in  this  fashion  is  shown 
in  Fig.  1-12.  To  date,  over  200  bonds  have  been  made  by  this  process  with  a yield  of  about 
9 5 percent  and  a contact  resistance  much  less  than  1 ohm.  The  few  bad  leads  were  simply  re- 

o o 

moved  and  replaced  with  a new  ribbon,  as  the  titanium  (500  A)  plus  gold  (3000  A)  plus 


t For  the  band  structure  shown  in  Fig.  1-10,  this  is  essentially  a single-carrier  problem  and 
is  similar  to  single  injection  with  traps.  For  example,  see  M.  A.  Lampert  and  R.  B.  Schilling, 
in  Semiconductors  and  Semimetals,  Vol.6.  R.  K.  Willardson  and  A.  C.  Beer,  Eds.  (Academic 
Press,  New  York,  1970),  p.  1. 
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(b)  MANIPULATE  RIB80N 
WITH  STYLUS 


(C)  FUSE  RIBBON  TO  PAO 


Fig.I-11.  Schematic  diagrams  depicting 
two  steps  in  post-to-pad  In-to-In  lead- 
bonding technique. 


Fig.  1-12.  A 0. 5-mm-diam,  12-element 
HgCdTe  photodiode  array  bonded  in  a 
chip  package. 
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o 

indium  (10,000  A)  bonding  pads  are  not  degraded  during  the  bonding  process.  Bonds  have  also 
been  readily  made  to  Au  bonding  pads  not  coated  with  In,  and,  in  fact,  directly  to  the  n-type 
region  of  an  n/p  HgCdTe  diode  without  apparent  degradation  of  its  I-V  characteristics.  Although 
the  full  range  of  stylus  temperatures  and  pressures  over  which  such  bonding  can  be  done  has 
not  been  explored,  the  process  does  not  seem  to  be  particularly  sensitive  to  the  parameters 
used  (160°C  and  7 g).  This  technique  does  provide  a relatively  simple  means  of  attaching 
reliable  leads  to  small  bonding  pads  on  soft  semiconductor  materials  without  apparent  damage, 
and  has  allowed  arrays  of  gigahertz -bandwidth  HgCdTe  heterodyne  receivers  to  be  fabricated. 

D.  L.  Spears 
C.  D.  Hoyt 
N.  L.  DeMeo 
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II.  QUANTUM  ELECTRONICS 


A.  OPERATING  CHARACTERISTICS  OF  A MgF^Ni  LASER 

A MgF2:Ni  laser  at  35  K has  been  operated  in  the  1.6-  to  1.7-pm  region  with  1.7  W of  CW 
output  power,  an  absorbed  pump  power  conversion  efficiency  of  37  percent,  and  an  absorbed 
pump  power  threshold  of  50  mW.  Damped  relaxation  oscillations  leading  to  true  CW  operation 
and  lasing  up  to  a crystal  temperature  of  200  K have  been  observed. 

The  1 .9 5-cm-long  laser  crystal,  doped  with  0.4-percent  Ni,  was  pumped  longitudinally  by 
a 1.33-pm  CW  NdrYAG  laser.  The  ends  of  the  crystal  were  polished  and  coated  to  form  a laser 
cavity.  The  pump  entrance  face  was  flat  and  coated  for  high  reflectivity  from  1.6  to  1.75  pm; 
the  opposite  face  had  a 2.0-cm  radius  of  curvature  and  was  coated  for  ~0. 4-percent  transmission 
at  1.64  pm.  The  crystal  was  held  in  a conventional  liquid  nitrogen  (LN^)  Dewar  or  in  a helium 
gas-cooled  variable-temperature  Dewar,  depending  on  the  experiments. 


Fig.  II- 1 . Threshold  absorbed  pump  power 
Pth  and  operating  wavelength  \ vs  crystal 
temperature  T. 


T 00 


Figure  II- 1 shows  the  variation  in  threshold  observed  as  the  crystal  temperature  was  raised 
from  20  to  200  K.  The  TEMQ0  pump  laser  output  was  focused  to  a beam  radius  of  -220  pm  in 
the  crystal.  Also  shown  in  the  figure  is  the  laser  operating  wavelength,  the  temperature  varia- 
tion of  which  is  similar  to  previous  observations  and  is  explained  in  terms  of  local  maxima  in 
the  gain- vs- wavelength  curve  for  MgF2:Ni  (Ref.  1).  The  maximum  operating  temperature  was 
limited  by  the  output  of  the  pump  laser,  and  operation  at  higher  temperatures  should  be  possible. 

By  chopping  the  pump  laser  beam,  it  was  possible  to  observe  damped  relaxation  oscillations 
which  yielded  information  on  the  laser  cavity  losses.  Figure  II-2(a-d)  shows  examples  of  the 
oscillations  observed.  The  oscillation  frequency  for  long  times,  i.e.,  the  linear  region  of 
oscillation,  is  approximately  related  to  the  total  round-trip  cavity  loss  L by  the  equation 


P -1 

where  t is  the  spontaneous  lifetime,  r . is  the  cavity  round-trip  time,  and  p is  the  ratio  of 
pump  power  to  threshold  pump  power.  The  equation  is  valid  for  the  case  of  a Gaussian  pump 
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Fig.  II- 2.  Relaxation  oscillations  in  MgFziNi  laser  output:  (a)  envelope 
of  oscillations  at  T = 20  K,  p = 2.1;  (b)  initial  spiking  at  start  of  oscilla- 
tions; (c)  linear  regime;  (d)  envelope  at  T > 77  K,  p = 1.4. 
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beam  cross  section,  and  is  a reasonable  approximation  to  the  actual  condition  of  longitudinal 
pumping  in  the  experiments  since  the  pump  beam  was  not  strongly  absorbed.  At  T = 20  K,  the 
cavity  loss  was  calculated  from  the  data  to  be  1.6  percent,  while  in  the  LN^  Dewar  with  T > 77  K 
the  loss  was  2.5  percent.  Power-output-vs-input  measurements  with  TEMqq  operation  of  the 
pump  laser  yielded  slope  efficiencies  of  26  and  21  percent  at  T = 20  K and  in  the  LN^  Dewar, 
respectively,  which  is  to  be  compared  with  values  of  20  and  13  percent  calculated  assuming  an 
output  mirror  transmission  of  99.6  percent.  Given  the  uncertainties  in  the  measurements, 
especially  in  how  much  power  was  absorbed  by  the  crystal,  such  discrepancies  are  not  unrea- 
sonable. The  laser  cross  section,  calculated  knowing  the  threshold  pump  intensity  and  cavity 
loss,  is  2.4  X 10  cm  , which  is  of  the  right  order  of  magnitude  given  the  spontaneous  lifetime 
of  12  msec  and  fluorescent  linewidth  of  ~1000  cm  . Careful  alignment  of  the  pump  laser  to 
attain  the  damped  oscillations  shown  in  Fig.  11-2  was  required  to  avoid  feedback  between  pump- 
laser  and  MgF^rNi  cavities;  best  results  were  obtained  with  considerable  attenuation  between 
the  two  cavities.  We  hope  that  Y1G,  which  can  have  very  low  absorption  at  1.3  3 pm,  can  be  used 
as  a Faraday  isolator  to  eliminate  such  feedback  in  later  experiments. 

The  pump  laser  was  capable  of  producing  considerably  higher  output  when  allowed  to  oscil- 
late in  many  transverse  modes.  To  demonstrate  the  output  power  capability  of  the  MgF2:Ni 
laser,  the  pump  laser  output  was  increased  by  initially  using  larger  apertures  in  the  pump-laser 
cavity  and  finally  changing  the  cavity  geometry.  The  curve  shown  in  Fig.  11-3  resulted,  with 
T = 35  K at  maximum  absorbed  power  and  with  a total  power  conversion  of  37  percent.  Later 
experiments  yielded  1.7  W of  output  at  a lower  conversion  efficiency. 


Fig.  11-3.  Output  power  vs  pump  power 
with  multimode  pump  laser. 


Experiments  to  obtain  continuous  tuning  of  the  MgF^rNi  laser  are  being  planned  and  will  em- 
ploy external  cavities.  In  particular,  it  is  possible  to  place  a Brewster  angle  crystal  in  a three- 

3 

mirror  astigmatically  compensated  cavity  such  that  pump  thresholds  below  100  mW  can  be 
achieved,  and  tuning  can  be  done  with  birefringent  elements. 

P.  F.  Moulton 
A.  Mooradian 
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B.  MINI-TEA  COz  LASER 

4 

In  our  previous  report,  we  discussed  the  construction  and  operation  of  a mini-TEA  CO,, 
laser  which  has  a volume  energy  extraction  comparable  to  larger,  conventional  TEA  lasers. 

In  this  report,  we  describe  design  improvements  intended  to  help  achieve  operation  at  high  pulse 
repetition  frequencies  (PRF).  In  addition,  we  report  obtaining  20  mJ  of  output  in  the  TEM^Q 

mode  and  18-percent  average  conversion  efficiency  in  frequency- doubling  experiments. 

4 

We  previously  noted  that  the  repetition  rate  was  limited  to  about  10  Hz,  with  arcing  be- 
tween electrodes  occurring  at  higher  PRF.  A major  reason  for  this  limitation  was  the  use  of  a 
longitudinal  gas  flow  in  the  laser,  with  both  the  inlet  and  outlet  on  the  same  side  of  the  Rogowski 
electrodes.  This  geometry  was  necessitated  by  the  preionizing  sparkboard,  which  prevented 
transverse  gas  flow.  In  addition,  we  observed  during  the  present  period  that  the  effectiveness 
of  the  sparkboard  as  a preionization  source  deteriorated  rapidly  at  high  repetition  rates,  due  to 
the  buildup  of  carbon  deposits  at  the  spark  locations. 


Fig.  II-4.  Spark-pin  preionization  unit. 

To  overcome  these  problems,  the  spark-pin  assembly  shown  in  Fig.  II-4  was  designed  and 
built  to  replace  the  sparkboard.  The  assembly  consists  of  two  partially  copper-plated  boron 
nitride  boards  and  a series  of  copper- tungsten  electrode  pins  soldered  to  the  plating.  The  elec- 
trode spacing  is  set  by  the  brass  endpieces,  which  also  serve  as  electrical  contacts.  To  obtain 
a transverse  flow  with  the  spark-pin  assembly,  two  holes  drilled  in  the  lucite  plate  behind  the 
pins  served  as  joint  inlets  while  the  original  inlet  and  outlet  on  the  opposite  plate  were  attached 
together  to  serve  as  outlets.  With  this  arrangement,  a 40- Hz  PRF  was  achieved  before  the  onset 
of  arcing.  This  represents  a fourfold  increase  over  previous  results;  we  believe  that  an  arrange- 
ment involving  a smooth  flow  over  the  entire  electrode  area  will  lead  to  significant  further  im- 
provement. No  degradation  effects  have  been  observed  with  the  first  spark-pin  unit  as  yet. 

In  addition  to  a mini-TEA  laser  fired  by  a triggered  spark  gap,  we  have  constructed  a second 
unit  fired  by  a hydrogen  thyratron.  The  advantages  of  the  thyratron  over  the  spark  gap  are  more 
reliable  firing,  an  order-of-magnitude  reduction  in  jitter  between  triggering  and  firing,  and  a 
higher  ultimate  PRF  for  the  system. 

The  spark-gap-fired  mini-TEA  laser  has  reached  pulse  output  levels  up  to  44  mJ,  corre- 
sponding to  an  energy  extraction  near  25  j/liter.  The  highest  output  obtained  thus  far  with  the 
thyratron-fired  unit  has  been  slightly  under  40  mJ.  We  believe  this  difference  is  due  to  slightly 
more  inductance  in  the  thyratron  circuit.  The  current  pulse  in  the  thyratron-fired  circuit  has 
a width  (FWHM)  of  100  nsec. 
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Using  a pair  of  intracavity  variable  apertures,  we  obtained  TEMqq  pulses  of  20  mJ.  In 
general,  we  found  that  about  half  the  pulse  energy  obtained  without  aperturing  was  available  in 
the  TEM„„  mode. 


—►I  — 50  nsec 


[ □ ) 


(b) 


Fig.  II- 5.  (a)  Mini-TEA  CO2  laser  output  pulse  (TEMqo); 

(b)  frequency-doubled  pulse. 


Preliminary  frequency- doubling  experiments  with  the  output  of  a mini- TEA  laser  operating 
in  the  TEMqq  mode  incident  upon  a CdGeAs^  crystal  were  carried  out,  and  resulted  in  average 
pulse  energy  conversion  efficiencies  of  up  to  18  percent.  Saturation  effects  were  present  in 
these  experiments  since  the  increase  in  conversion  efficiency  with  increasing  input  energy  was 
found  to  be  less  than  linear.  The  HeiN^iCO^  flowing-gas  ratio  used  for  frequency  doubling  was 
7:0.  8:1,  with  the  component  reduced  to  minimize  the  pulse  tail.  Typical  mini-TEA  laser  and 
second-harmonic  pulses  are  shown  in  Figs.ll-5(a)  and  (b),  respectively.  The  FWHM  of  the  laser 
pulse  is  nearly  150  nsec  with  a total  energy  of  11.8  mJ,  while  that  of  the  frequency- doubled  pulse 
is  about  100  nsec  at  a total  energy  of  2.1  mJ.  The  presence  of  partial  longitudinal  mode  locking 

g 

at  3 X 10  Hz  can  be  seen  in  both  figures.  ^ Menyuk 

P.  F.  Moulton 


C.  NONLINEAR  INFRARED  PROCESSES  IN  CRYOGENIC  LIQUIDS 

We  have  observed  four-wave  sum-and-difference-frequency  generation  of  the  outputs  of  two 
CO^  TEA  lasers  in  liquid  CO-O^  mixtures  at  77  K.  The  efficiencies  of  these  processes  are  en- 
hanced by  a two-photon  resonance  with  the  CO  vibrational  mode.  We  have  studied  both  the  polar- 
ization dependence  and  the  lineshape  of  the  two-photon  resonance,  and  have  also  measured  the 
mixing  efficiencies.  The  efficiency  of  the  sum-frequency  generation  process  is  comparable  to 
the  third-harmonic  generation  efficiency.  The  measured  efficiency  of  0.1  percent  of  the 
difference-frequency  generation  process  is  somewhat  lower  due  to  differences  in  the  Manley- 
Rowe  factors  and  in  the  maximum  values  for  the  phase  mismatch  integrals.  In  addition  to  using 
anomalous  dispersion  for  phasematching,5, ^ we  have  also  employed  noncollinear  phasematching 

for  difference-frequency  generation.  Since  the  details  of  this  work  are  described  in  a paper  to 
7 

be  published  shortly,  they  will  therefore  not  be  repeated  here. 

We  have  also  examined  theoretically  the  possibility  of  frequency-tripling  CO^  laser  radiation 

in  a molecular  system  composed  of  SF^  dissolved  in  liquid  argon.  The  v ^ mode  of  SFg  is  at 

939.6  cm  , and  the  linewidth  is  only  0.5  cm  *.  It  is  therefore  possible  to  choose  a C09  pump 
- 1 ^ 

line  [P(28)  at  93  6,8  cm  ] which  is  in  two-photon  resonance  with  the  SF^  first  overtone  transition. 
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Fig.  II-6.  Spectral  evolution  of 
double-resonance  signals  observed 
for  0.05  Torr  of  SF^  with  pump 

laser  intensity  of  2.6  MW/cm2  at 

944.2  cm-1. 


Fig.II-7.  Time  dependence  of  i^-mode  tem- 
perature for  excitation  of  2.6  MW/cm2  at 

944.2  cm"1.  Corresponding  peak  induced- 
absorption  frequencies  are  also  shown. 
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although  it  falls  outside  the  SF,  fundamental  absorption  band.  The  calculated  third-order  sus- 

y v j O « j / 

ceptibility  is  x =2X10  Asm/V  for  a density  of  3.5  x 10  cm  of  SF^  dissolved  in  the 
liquid.  For  efficient  frequency  conversion,  it  is  probably  necessary  to  dissolve  about  3 x 
10  molecules/cm  of  SF^.  By  choosing  two  isotopes  of  SF^,  SF^  together  with  SF^  or 

^SF,,  the  dispersion  can  easily  be  optimized  for  third-harmonic  generation  (the  modes  of 

33b34  -1  3 

SF^  and  SF^  are  at  930.8  and  922.6  cm  , respectively).  At  the  outset  this  appeared  to  be 

a promising  scheme;  however,  linear  absorption  in  SF,  will  limit  the  efficiency  since  the  cal- 

b - 1 18-3 

culated  absorption  constant  at  the  pump  wavelength  is  5 cm  at  a SF^  density  of  3 X 10  cm 

H.  Kildal 
S.  R.  J.  Brueck 


D.  COLLISIONLESS  INTRAMOLECULAR  ENERGY  TRANSFER 
IN  V1BR ATIONALL Y EXCITED  SF6 

The  demonstration  of  multiphoton  laser  isotope  separation  in  SF,  has  led  to  numerous  ex- 

b 8-11 

perimental  and  theoretical  studies  of  the  dissociation  and  energy  absorption  processes.  It 

has  been  hypothesized  that,  after  several  initial,  isotopically  selective  transitions,  the  absorp- 
tion process  occurs  in  a "quasi- continuum”  where  the  detailed  level  structure  of  the  SF^  mole- 
cule has  been  spread  out  due  to  intramolecular  energy  transfer  processes  and  the  very  high 
density  of  states.  Within  this  quasi-continuum,  collisionless  intramolecular  energy  transfer 
results  in  a thermalization  of  the  internal  vibrational  energy  of  the  molecule  among  all  the  vibra- 
tional modes.  While  the  evidence  suggests  that,  near  the  dissociation  limit,  intramolecular 
energy  transfer  occurs  on  a nanosecond  or  faster  time  scale,  no  direct  measurements  of  this 
time  have  been  made.  Neither  has  it  been  fully  appreciated  that  the  time  scale  of  this  intramolec- 
ular energy  thermalization  must  be  a strong  function  of  excitation  level,  ranging  from  a sub- 
nanosecond time  scale  for  a molecule  excited  to  a nearly  dissociative  level  to  an  essentially 
infinite  time  scale  for  molecules  with  only  a single  vibrational  quantum  above  the  ground  state. 

We  previously  reported  (see  p.  21  in  Ref.  4)  on  the  use  of  infrared- infrared  double- resonance 
measurements  to  obtain  the  spectral  dependence  of  the  induced  absorption  in  CO^  laser-excited 
SF^.  We  have  now  analyzed  the  time  dependence  of  the  induced  absorption  spectra  using  a simple 
model  which  allows  us  to  obtain  a measure  of  the  collisionless  intramolecular  energy  transfer 
time. 

Figure  11-6  shows  the  spectrum  of  the  induced  signal  at  various  times  after  the  CO^  P(20) 
pump  pulse;  the  spectra  were  obtained  using  a line-tunable  CO^  laser  to  probe  the  r^-mode 
absorption.  At  10  fisec  after  the  pump  pulse,  the  peak  of  the  induced  absorption  spectrum  on 
the  red  side  of  the  pump  has  shifted  to  higher  frequencies,  indicating  that  the  initially  highly 
excited  t^-mode  population  is  relaxing  down  the  v ^ ladder.  These  spectra  were  only  very  weakly 
dependent  on  SF^  pressure  over  the  range  from  0.01  to  0.05  Torr,  indicating  a collisionless 
relaxation  mechanism. 

It  is  frequently  useful  to  describe  the  vibrational  excitation  of  an  ensemble  of  polyatomic 

molecules  by  assigning  temperatures  to  the  various  vibrational  modes  of  the  molecule.  Nowak 
12 

and  Lyman  measured  the  absorption  spectrum  of  the  v ^ band  of  SF^  at  high  temperatures  and 

demonstrated  a simple  monotonic  relationship  between  the  temperature  and  the  wavelength  of 

peak  absorption.  This  allows  us  to  obtain  a correlation  between  our  measured  spectra  and  the 

r^-mode  temperature,  T . The  time  dependence  of  the  quantity  (T  — 650  K)  is  plotted  on  a 
j i>3  v3 

semilog  scale  in  Fig.  IT-  7 . The  final  temperature  of  650  K was  obtained  from  an  independent 
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1 3 

calculation  of  the  vibrational  temperature  of  thermally  em  librated  ST  ^ with  si.  average  excess 
vibrational  energy  of  3 photons/molecule,  the  va’ue  obtained  frorr;  acoustic  measurements  1 of 
energy  deposition  for  2.6  j/cm  , 100  nsec,  Pf20)  TEA  laser  oulses.  Figure  IT  - 7 shows  a simple 
exponential  dependence  of  the  r^-mode  temperature  with  a tire  constant  of  3 * 1 fxsec  for  the 
p^-mode  vibrational  energy  to  equilibrate  with  the  remaining  vibrational  modes  of  the  SF^  mole- 
cule. There  is  good  agreement  between  the  calculated  650  K equilibrium  temperature  and  the 
long  time  limit  of  the  v^-mode  temperature  deduced  from  the  spectra.  The  initial  t^-mode 
temperature  obtained  from  Fig.II-7  is  1375  K,  which  is  somewhat  lower  than  the  1950  K which 
we  estimate^  from  the  heat  capacity  of  the  triply  degenerate  v ^ mode  alone.  However,  putting 
in  the  calculated  1950-K  initial  r^-mode  temperature  changes  the  time  constant  only  slightly,  to 
about  2 nsec. 

Because  the  observed  time  dependences  of  the  double-resonance  signals  over  a range  of 
probe  frequencies  are  essentially  pressure  independent  for  a decade  variation  in  pressure,  and 
since  the  low  excitation  collisional  r. 
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•v^  vibrational  equilibration  time  ranges  from  150  to 


15  Misec  over  this  pressure  range/  1 we  conclude  that  we  have  observed  collisionless  intramo- 
lecular energy  transfer  on  a microsecond  time  scale.  TMf  time  scale  is  expected  to  be  a very 
rapid  function  of  excitation  level;  a systematic  extension  of  these  experiments  as  a function  of 
excitation  intensity  should  provide  a very  interesting  man  of  intramolecular  vibrational  energy 
flow  within  complex  molecules.  ^ ^ T Brueck 

H . F.  Deutsch 


t Estimated  from  <n>  = 3 


(e*  “/kT-.)- 
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III.  MATERIALS  RESEARCH 


A.  SIMPLIFIED  FABRICATION  OF  GaAs  HOMOJUNCTION  SOLAR 
CELLS  WITH  INCREASED  CONVERSION  EFFICIENCIES 
1 

We  recently  reported  the  development  of  shallow-homojunction  single-crystal  GaAs  solar 
cells,  fabricated  without  the  use  of  Ga,  A1  As  layers,  with  conversion  efficiencies  as  high  as 
15.3  percent  at  AM  1.  These  cells  employ  an  nT/p/pT  structure  prepared  by  chemical  vapor 
deposition  (CVD),  in  which  surface  recombination  losses  are  reduced  because  the  n+  layer  is 
so  thin  that  most  of  the  carriers  are  generated  in  the  p layer  below  the  junction.  We  have  now 
obtained  conversion  efficiencies  as  high  as  20  percent  for  eh  allow- horn  ojuncti  on  cells,  close  to 
the  value  of  22  percent  reported  for  the  best  Ga^xAlxAs/GaAs  heterostructure  cells.  The 
improved  cells,  which  are  fabricated  by  a simplified  technique  that  does  not  require  any  vacuum- 
processing steps,  utilize  a somewhat  thinner  n+  layer  and  an  anti  reflection  coating  prepared  by 

anodic  oxidation  of  the  n layer. 

1 + ° 

In  our  earlier  cells,  the  n layer  was  1300  A thick  and  the  anti  reflection  coating  consisted 
of  successive  layers  of  SiO  and  MgF~.  In  an  initial  attempt  to  increase  the  efficiency,  the  thick- 

+ “ O 

ness  of  the  n layer  was  reduced  to  600  to  700  A,  and  the  anti  reflection  coating  was  prepared  by 
electron-beam  evaporation  of  Ti02  and  MgF^.  Efficiencies  of  13  to  14  percent  were  obtained 
for  uncoated  cells,  but  coated  cells  had  lower  efficiencies  because  their  open-circuit  voltage 
was  reduced  by  10  to  15  percent.  This  decrease  in  open-circuit  voltage  may  have  resulted  from 
degradation  of  the  GaAs  during  deposition  of  the  coating  (perhaps  due  to  soft  x-rays  generated 
during  electron-beam  evaporation)  or  from  stress  on  the  junction  produced  by  the  coating.  To 
eliminate  such  effects,  we  developed  the  following  procedure  for  preparing  the  anti  reflection 
coating  by  anodic  oxidation  of  the  n layer. 

The  electrolyte  solution  used  for  anodization,  which  is  similar  to  the  one  described  by 

3 

Hasegawa  and  Hartnagel,  is  prepared  by  mixing  3 g of  tartaric  acid  with  100  ml  of  H20,  adding 
sufficient  NH^OH  to  adjust  the  pH  to  about  6.2,  and  then  adding  250  ml  of  propylene  glycol.  The 
final  pH  is  5.6  to  5.8.  Anodization  of  the  GaAs  is  performed  at  room  temperature  using  a plati- 
num wire  as  cathode.  In  experiments  on  n+  GaAs  wafers  as  large  as  5 cm  in  diameter,  we 
found  that  anodic  layers  of  uniform  thickness  can  be  obtained  by  using  a constant-current  source 
with  a voltage  limiter  instead  of  using  a constant-voltage  source.  The  source  is  set  at  a current 
corresponding  to  a current  density  of  about  750  \xA/cm  for  the  GaAs  anode,  and  the  maximum 
output  voltage  is  set  at  about  43  V.  The  current  initially  remains  constant  until  the  voltage  in- 
creases to  its  limiting  value,  after  which  the  voltage  remains  constant  and  the  current  decreases. 
The  growth  rate  of  the  anodic  layer  is  about  20  A/V  and  does  not  depend  strongly  on  current 
density.  Anodization  is  terminated  when  the  current  falls  to  one-tenth  of  its  initial  value.  The 

o 

layer  produced  by  the  process,  which  takes  less  than  5 min.,  is  about  850  A thick,  and  the  thick- 

o 

ness  of  GaAs  consumed  is  about  550  A.  The  anodic  layer  is  stable  up  to  at  least  2 50°C  in  air. 

o 

The  optical  constants  were  measured  by  ellipsometry  at  4358  and  5461  A using  a Hg  lamp,  and 

o 

at  6328  A using  a He-Ne  laser.  The  refractive  indices  found  at  these  wavelengths  are  1.91,  1.85, 
and  1.83,  respectively,  in  qualitative  agreement  with  the  values  just  reported  by  Ishii  and 

4 

Jeppsson  for  anodic  layers  prepared  on  GaAs  by  a similar  technique. 

The  GaAs  layers  used  in  the  improved  cells,  like  those  in  the  earlier  devices,  were  grown 
in  an  AsCl^-Ga-^  CVD  system  on  p+  Zn-doped  (lOO)-oriented  substrates  with  a carrier 
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Fig.  Ill- 1.  Schematic  diagram  of  single-crystal 
GaAs  shallow -homojunction  solar  cell  with  anti- 
reflection coating  prepared  by  anodic  oxidation. 


Fig.  III-2.  Quantum  efficiency  as  a function 
of  wavelength  for  GaAs  shallow-homojunction 
solar  cell  with  20-percent  conversion  effi- 
ciency at  AM  1. 
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18  - 3 

concentration  of  10  cm  . A p layer  about  3 jam  thick  was  first  grown  on  the  substrate,  fol- 
lowed by  an  n+  layer  about  1000  A thick.  The  p layer  (p  ~ lO1^  cm"3)  and  n+  layer  (n  ~ 5 x 
10  cm"  ) were  doped  with  Zn  and  S,  respectively,  by  using  (C^H^)^  Zn  and  H2S  sources. 
Following  GaAs  growth,  the  n+  layer  was  anodically  oxidized  by  the  process  described  above, 
and  a layer  of  Au  about  3 (am  was  electroplated  on  the  p+  substrate  as  the  back  contact.  Photo- 
resist AZ  13  50J  was  spun  on  the  anodic  layer,  and  photolithographic  techniques  were  used  to 
etch  openings  for  ohmic  contact  fingers  in  the  anodic  layer.  For  each  cell  there  were  10  open- 
ings, 0.5  cm  long  and  25  (am  wide,  spaced  1 mm  apart.  A layer  of  Au  about  3 (am  thick  was 

then  electroplated  into  the  openings,  and  the  wafer  was  annealed  under  flowing  N for  1 sec  at 

^ + 

300  °C  on  a graphite  heater  strip  to  produce  ohmic  contact  between  the  Au  fingers  and  the  n 

layers.  Finally,  the  active  area  of  the  cell  was  defined  by  etching  a 1-  X 0.5-cm  rectangular 

area  in  the  GaAs.  A schematic  diagram  of  the  cell,  including  an  expanded  cross-sectional  view 

of  one  of  the  contact  fingers,  is  shown  in  Fig.III-1* 

Efficiency  measurements,  using  a high-pressure  Xe  lamp  with  a water  filter  as  a simulated 

AM  1 source,  were  made  on  5 cells  fabricated  from  wafers  with  p and  n+  layers  differing 

2 

slightly  in  carrier  concentration.  The  incident  intensity  was  adjusted  to  100  mW/cm^,  using  a 
NASA-measured  GaAs  solar  cell  as  a reference.  All  these  cells  have  efficiencies  between  18 
and  20  percent.  The  best  cell  was  also  measured  on  a roof  at  Lincoln  Laboratory  at  an  ambient 

temperature  of  about  20 °C.  The  solar  flux  density  measured  with  a pyranometer  was 

2 * 

98  mW/cm  , close  to  AM  1 conditions.  The  open-circuit  voltage  was  found  to  be  0.97  V,  the 

2 

short-circuit  current  25.6  mA/cm  , and  the  fill  factor  0.81,  giving  a measured  conversion 
efficiency  of  20.5  percent.  The  quantum  efficiency  of  this  cell  as  a function  of  wavelength  is 
shown  in  Fig.  Ill- 2 . The  quantum  efficiency  exceeds  90  percent  at  the  maximum,  but  it  decreases 
strongly  at  shorter  wavelengths,  indicating  that  surface  recombination  effects  are  still  significant. 

J.  C.C.  Fan  R.  L.  Chapman 
C.  O.  Bozler  R.  W.  McClelland 

B.  CHEMISORBED  PHASES  OF  C>2  ON  TiOz  AND  SrTiC>3 

The  electronic  properties  of  Ti02  (rutile)  and  SrTiO^  surfaces  have  recently  received  con- 
siderable attention  because  these  materials  are  used  as  catalytic  electrodes  in  the  decomposition 

5 6 

of  water  by  photoelectrolysis.  Ultraviolet  photoemission  spectroscopy  (UPS)  studies  * have 

shown  that  vacuum-fractured  surfaces  of  both  materials  have  the  stoichiometry  of  the  bulk,  with 

4+  0 

the  surface  Ti  ions  in  a Ti  (3d  ) configuration.  Only  weak  emission  is  seen  from  the  bandgap 
region,  presumably  associated  with  a small  density  of  residual  surface  defects.  Ar-ion  bom- 
bardment disorders  the  surfaces  and  removes  O (and  also  Sr  from  SrTiO^),  leaving  surface 
Ti  ions  in  a Ti^+  ( 3 d^ ) configuration.  The  d-electrons  associated  with  the  Ti^+  ions  give  rise 
to  a band  of  surface  states  within  the  bulk  bandgap.  It  is  presumably  these  states  that  are  im- 
portant catalytic  sites  in  photoelectrolysis. 

We  previously  reported  a UPS  study  of  the  chemisorption  of  H20  on  TiC>2  and  SrTiO^  sur- 
faces.^ We  have  now  extended  this  study  to  the  chemisorption  of  CL  on  these  materials.  Several 

Z 2- 

adsorbed  phases  are  found.  The  same  initial  phase,  which  we  believe  to  consist  of  O ions,  is 

present  on  all  surfaces  for  low  C>2  exposures. 

Single- crystal  samples  of  TiCL  and  SrTiCL  were  reduced  in  vacuum,  giving  a bulk  carrier 
19  ^ 3 ^ 

concentration  of  about  10  electrons/cm  . The  sample  surfaces  were  prepared  either  by  frac- 
turing in  vacuum,  which  yielded  roughly  TiO2K110)  and  SrTiO^  (100)  surfaces,  or  by  orienting 


27 


and  polishing  followed  by  500-eV  Ar-ion  bombardment  in  the  ultra-high  vacuum  system.  After 
ion  bombardment,  some  samples  were  annealed  at  about  1100  K.  The  various  surfaces  were 
subjected  to  C>2  exposures  ranging  from  0.5  to  10  L (1  1.  = 10™  Torr-sec).  Photoemission  was 
excited  by  He  (I)  radiation  (21.2  eV),  and  UPS  spectra  were  measured  with  a double-pass 
cylindrical- mirror  electron  spectrometer  (0.2-eV  resolution). 

Figure  111-3  shows  a family  of  UPS  spectra  for  Ar-ion-bombarded  SrTiCL  (100)  before  ex- 

8 

posure  to  C>2  (0  L)  and  after  exposures  of  0.5  to  10  L.  The  spectra  have  been  aligned  by  setting 
Ev  = 0;  positive  initial  energies  represent  electron  states  located  below  the  top  of  the  valence 
band.  Emission  from  the  valence  band  extends  from  0 to  6 eV,  and  emission  from  the  d- electron 
surface- state  band  extends  from  about  —1  to  —4  eV.  The  steep  rise  beyond  6 eV  is  due  to  in- 
elastically  scattered  electrons.  Two  distinct  adsorbed  phases  are  formed  when  the  surface  is 
exposed  to  O 2*  The  initial  phase  (1),  with  a sticking  coefficient  of  0.2  to  1,  is  obtained  for  ex- 
posures up  to  about  100  L.  With  increasing  exposure,  the  emission  in  the  valence-band  region 
increases,  while  the  emission  for  E < 0 decreases,  showing  that  the  bandgap  surface  states 
are  depopulated.  The  spectrum  for  phase  I can  be  seen  in  Fig.  Ill-4(a),  which  shows  the  differ- 
ence between  the  spectrum  of  Fig.III-3  for  30-L  exposure,  where  phase  1 is  complete,  and  that 
for  the  clean  surface.  Above  100  L a second  phase  (II)  appears,  characterized  by  a third  peak 
below  the  valence  band  (7  to  8 eV)  and  by  changes  in  the  relative  heights  of  the  peaks  in  the 
valence-band  region.  If  we  assume  that  phase  I remains  when  phase  II  is  adsorbed,  we  can  ob- 
tain the  characteristic  spectrum  for  phase  II  by  subtracting  the  spectrum  for  30-L  exposure 

g 

from  that  for  10  L.  The  difference  spectrum  obtained  in  this  manner  is  shown  in  Fig.  Ill- 4 (b ) * 


Fig.  Ill- 3.  UPS  spectra  (using 
21.2-eV  photons)  for  Ar-ion- 
bombarded  SrTiOg  (100)  after 
successive  exposures  to  09  (1  L = 

- 6 ^ 

10’  Torr-sec). 


Fig.  Ill- 4.  UPS  difference  spectra 
for  Ar-ion-bombarded  SrTiC>3  (100). 
(a)  Phase  1 (30-0  L);  (b)  phase  II 

(108  - 30  L). 
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The  spectrum  for  phase  I [Fig.  ITI-4(a)]  resembles  the  portion  of  the  UPS  spectrum  for  clean, 

ordered  SrTiCL  surfaces  (i.e.,  vacuum -fractured  or  annealed)  that  is  due  to  emission  from  the 

6 ^ 

valence  band.  Both  spectra  exhibit  emission  from  0 to  6 eV,  and  both  have  two  peaks  with  about 

the  same  separation  in  that  region.  (These  peaks  are  smeared  together  for  the  disordered  sur- 

2- 

face  shown  in  Fig.  ITT- 3. ) Since  the  valence  band  in  SrTiO,  arises  primarily  from  O ions,  the 

* 2- 

similarity  of  the  spectra  strongly  suggests  that  phase  I consists  of  adsorbed  O ions.  The 
depopulation  of  the  bandgap  surface  states  during  the  formation  of  phase  I indicates  a transfer 
of  electrons  from  the  surface  to  the  adsorbate. 

The  spectrum  for  phase  II  [Fig.  ITT- 4(b ) ] has  a broad  peak  (which  may  consist  of  two  unre- 
solved peaks)  in  the  valence-band  region  and  another  peak  at  7 to  8 eV.  We  have  not  been  able 

to  identify  the  adsorbed  species  in  phase  II.  It  is  probably  not  neutral  07,  since  the  free  mole- 

8 ^ 

cule  has  a four-peaked  UPS  spectrum;  however,  we  cannot  rule  out  a severely  perturbed  neu- 
tral C>2  molecule.  The  species  is  probably  some  charged  state  of  either  O or  O^,  but  no  gas- 
phase  UPS  spectra  of  such  species  are  available  for  comparison. 

Figure  III- 5 shows  a series  of  difference  spectra,  obtained  by  subtraction  of  the  spectrum 
for  a clean  surface,  for  a vacuum-fractured  SrTiO^  (100)  surface  exposed  to  02-  Two  adsorbed 


Fig.  Ill- 5.  UPS  difference  spectra  for 
vacuum- fractured  SrTiC^  after  succes- 
sive exposures  to  O2. 
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Fig.  Ill- 6.  (a)  UPS  spectra  for  Ar-ion-bombarded  TiC>2  after  various 

exposures  to  O2;  (b)  UPS  difference  spectrum  for  phase  I (20  — 0 L); 
(c)  UPS  difference  spectrum  for  (108  —20  L). 
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phases  are  present  here  also.  The  spectra  for  phase  1 are  almost  identical  to  those  for  ion- 

bombarded  SrTiCX,  (100)  surfaces  [Fig.  III-4(a)];  we  again  interpret  this  phase  as  consisting  of 
2-  5 

adsorbed  O ions.  (Since  there  are  essentially  no  bandgap  surface  states  on  clean,  vacuum- 
fractured  surfaces,^  the  amplitude  of  the  difference  spectra  is  zero  in  the  bandgap  region.)  For 
exposures  greater  than  10  L,  the  same  peak  below  the  valence  band  appears  as  in  Figs.  111-3  and 
III- 4,  but  the  peak  near  4 eV  grows  in  amplitude  at  the  expense  of  the  peak  near  1 eV;  the  latter 

g 

has  completely  disappeared  at  10  L.  This  indicates  that  phase  I is  no  longer  present.  That 
this  is  indeed  the  case  is  also  indicated  by  the  similarity  between  the  total  difference  spectrum 

g 

for  10  L in  Fig.  111-5  and  the  spectrum  for  phase  II  alone  in  Fig.  Ill- 4(b).  The  spectra  for 
vacuum-fractured  and  for  ion-bombarded  SrTiO^  are  therefore  consistent  with  the  conclusion 
that  the  same  two  adsorbed  phases  exist  on  both  surfaces,  but  that  phase  II  is  adsorbed  in  addi- 
tion to  phase  1 on  bombarded  surfaces  while  it  is  adsorbed  in  place  of  phase  1 on  fractured 
surfaces. 

Ar-ion-bombarded  SrTiO^  surfaces  that  have  subsequently  been  annealed  are  well  ordered 
(i.e.,  exhibit  good  LEED  patterns)  but  remain  O-  and  Sr-deficient,  and  the  bandgap  photoemis- 
sion peak  is  still  observed.  These  annealed  surfaces  exhibit  only  one  adsorbed  phase  upon  ex- 
posure to  O^.  This  phase  is  complete  after  5-  to  10-L  exposure,  with  no  significant  changes  in 
the  spectra  for  subsequent  exposures.  The  spectra  for  this  phase  differ  in  shape  from  those  in 
Figs.  111-4  and  111-5,  but  they  still  contain  two  peaks  in  the  valence-band  region  separated  by 
2.5  eV,  and  we  believe  that  this  phase  also  consists  of  O ions.  In  the  valence-band  region  of 
the  UPS  spectra,  the  changes  resulting  from  C>2  exposure  are  smaller  in  amplitude  for  annealed 
SrTiO^  than  for  fractured  or  bombarded  surfaces.  There  appear  to  be  fewer  adsorption  sites 
on  annealed  SrTiO^  surfaces,  and  none  of  those  seem  to  be  favorable  for  phase  11  adsorption. 

The  only  TiC>2  surfaces  for  which  we  have  studied  O 2 adsorption  in  detail  are  Ar-ion- 
bombarded  surfaces;  UPS  spectra  for  several  02  exposures  are  shown  in  Fig.  Ill- 6 (a) • Two 
adsorbed  phases  also  are  found  here.  The  first  one,  whose  difference  spectrum  is  shown  in 
Fig.  Ill- 6(b)  for  20-L  exposure,  exhibits  the  same  type  of  two-peaked  structure  in  the  valence- 

band  region  as  that  seen  for  SrTiCL.  The  peaks  are  again  separated  by  2.5  eV,  indicating  that 

2-  * 

this  phase  too  consists  of  O ions.  Exposure  to  02  depopulates  the  bandgap  surface  states  in 
Ti02,  but  at  a much  slower  rate  than  for  SrTiO^;  the  emission  due  to  those  states  is  only  re- 
duced by  about  a factor  of  three  for  the  exposure  where  the  first  adsorbed  phase  becomes  com- 
5 8 

plete(20  L),  and  10  -‘to  10  -L  07  are  necessary  to  completely  depopulate  the  states. 

L 3 

For  exposures  above  about  10  L,  additional  changes  occur  in  the  valence-band  region  of 
Ar-ion-bombarded  Ti02  that  are  entirely  different  from  those  seen  for  SrTiO^.  Figure  III—  6(c) 
shows  the  difference  spectrum  for  (108  — 20  L);  since  most  of  this  spectrum  is  negative,  no 

g 

simple  addition  of  a second  phase  is  taking  place.  The  difference  spectrum  for  (10  — 0 L)  looks 
very  much  like  Fig.  111-6 (b),  however,  with  only  relative  changes  in  the  heights  of  the  two  peaks 
and  no  trace  of  the  peak  at  7 to  8 eV  seen  in  Figs.  111-3  through  III  - 5 for  SrTiO^;  thus,  no  readily 
distinguishable  second  phase  appears  to  replace  the  first  phase.  We  have  not  yet  been  able  to 
determine  the  nature  of  the  adsorbed  phase  (or  phases)  for  large  O 2 exposures. 

V.  E.  Henrich 

G.  Dresselhaus’ 

H.  J.  Zeiger 


t National  Magnet  Laboratory,  M.I.T. 
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IV.  MICROELECTRONICS 


A.  QUASI-OPTICAL  MIXERS  AT  SUBMILLIMETER  WAVELENGTHS 

Techniques  for  building  a quasi-optical  mixer  at  submillimeter  wavelengths  are  being 
investigated  because  of  difficulties  with  the  more  conventional  approach  of  embedding  a diode  in 
a fundamental  waveguide  at  these  frequencies.  Two  approaches  are  presently  being  pursued:  a 
mixer  insert  to  convert  our  standard  diode-wafer  package  to  fundamental  guide,  and  a line  source 
in  a corner  reflector.  Both  configurations  are  being  modeled  at  X-band,  and  are  also  under  con- 
struction for  submillimeter  operation. 

1.  Fundamental  Waveguide  Mixer 

A single  mode  propagating  in  the  vicinity  of  the  whisker  is  not  only  desirable  but  is  essen- 
tial if  efficient  coupling  and  low-loss  mixing  are  to  be  performed.  The  overmoded  N-guide  diode 
package  (Fig.  IV- 1)  suffers  from  several  multimode -related  problems  when  used  in  a submilli- 
meter circuit  environment.  Energy  propagating  in  some  higher-order  modes  will  not  couple 
to  the  centrally  located  antenna  whisker,  and  phase  cancellation  between  several  coupling  modes 
considerably  reduces  the  efficiency  of  the  antenna.  The  multimoded  beam  pattern  produced  by 
the  overmoded  waveguide  is  not  an  efficient  pattern  to  mate  with  beam-forming  or  focusing 
optics. 

A fundamental  waveguide  environment  surrounding  the  whisker/chip  structure  is  an  obvious 
technique  to  obtain  the  desirable  single -mode  characteristics.  Unfortunately,  in  the  submilli- 
meter range  of  interest,  fundamental  waveguide  having  dimensions  of  0.2  by  0.4  mm  is  not  only 
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Fig.  IV-2.  Fundamental- waveguide -mixer  insert,  (a)  Front  view, 
and  (b)  side  view  (cross  section). 
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lossy  but  would  make  diode  packaging  extremely  difficult  if  each  diode  were  to  be  packaged  in 
fundamental  waveguide.  However,  if  we  maintain  the  concept  of  packaging  the  diode  in  over- 
moded  N-guide  and  use  a fundamental- waveguide -mixer  insert,  we  maintain  the  advantages  of  an 
interchangeable  diode  and  at  the  same  time  can  have  the  advantages  of  a f undame  ntal- wave  guide- 
mixer  environment.  Since  only  a few  mixer  mounts  are  required,  expensive  and  difficult  fabri- 
cation procedures  can  be  employed  to  make  the  fundamental  waveguide  mixers  — an  approach 
that  would  be  impractical  if  individual  diodes  were  packaged  in  fundamental  waveguide. 

The  concept  of  the  fundamental- waveguide  insert  is  shown  in  Fig.  IV-2(a-b).  The  electro- 
formed  waveguide  aperture  (0.2  X 0.4  mm)  surrounds  the  whisker  stud.  A slot  0.1  mm  wide  by 
0.9  mm  long  enables  the  mixer  to  be  inserted  into  the  packaged  diode  around  the  whisker  and 
quartz  stripline  filter.  A cavity  slot  0.4  mm  wide  by  0.1  mm  high  accommodates  the  GaAs  chip. 
The  length  of  the  chip  cavity  slot  will  be  determined  experimentally.  The  sliding  backshort  will 
eventually  be  replaced  by  a fixed  backshort  for  optimum  low-loss  performance.  Since  there  is 
approximately  one  wavelength  of  fundamental  guide  between  the  throat  of  the  horn  and  the  whisker 
antenna,  waveguide  losses  should  be  small,  and  suppression  of  higher-order  modes  should  be 
adequate. 

The  first  fundamental-waveguide -mixer  inserts  are  being  electroformed  on  polished  alu- 
minum mandrels.  Subsequent  inserts  will  be  made  using  polished  quartz  mandrels  on  which  a 
thin  layer  of  gold  has  been  evaporated  or  sputter  deposited  prior  to  electroforming.  Mirror- 
finish,  low-loss  waveguide  should  result. 

A 100X  scale  model  of  the  mixer  insert  has  been  constructed  for  use  with  the  100X  model 
of  the  overmoded  N-guide  package.  Antenna  patterns  and  impedance  measurements  have  been 
made  on  this  model,  and  the  effects  of  chip  cavity  tuning  and  the  whisker  slots  have  been 
evaluated. 

2.  Line  Source  in  a Corner  Reflector 
1 

This  approach  uses  a long  — typically  four  wavelengths  — traveling -wave  line  source  set  in 
a corner  reflector  (Fig.  IV-3).  The  line  source  is  an  extended  point  contact  whisker,  and  the 
diode  is  mounted  on  the  ground  plane  as  shown.  The  parameters  which  are  varied  to  control  the 
radiation  pattern  and  impedance  characteristics  are  the  length  of  the  line  source,  the  corner 
angle,  and  the  separation  between  the  line  source  and  corner.  This  configuration  is  being  in- 
vestigated theoretically  and  experimentally  with  an  X-band  scale  model. 

By  reciprocity,  a basic  requirement  in  the  design  of  a quasi-optical  mixer  is  that  the  radi- 
ated patterns  efficiently  illuminate  the  objective,  i.e.,  the  lens  or  reflector  with  which  the  device 
is  to  be  used.  Proper  choice  of  the  design  parameters  yields  a pattern  with  a single  mainlobe 
and  low  sidelobes  which  satisfy  this  requirement.  The  beam  efficiency,  defined  as  the  ratio  of 
the  power  intercepted  by  the  objective  from  the  mainlobe  to  the  total  power  radiated,  has  been 
shown  with  model  measurements  to  be  greater  than  80  percent. 

A second  basic  requirement  is  that  the  terminal  impedance  be  matched  to  the  impedance 
presented  by  the  diode.  The  terminal  or  radiation  impedance  is  the  impedance  at  the  end  of  the 
wire  that  is  attached  to  the  diode.  Model  measurements  show  the  impedance  to  have  a resistive 
component  between  100  and  200  ohms,  and  a reactive  component  less  than  60  ohms  over  a wide 
(>40  percent)  bandwidth.  From  our  knowledge  of  the  diode  characteristics,  this  impedance  level 
presents  a reasonable  match  to  the  mixer  diode.  The  signal  frequency  (as  well  as  the  local  os- 
cillator) is  decoupled  from  the  intermediate  frequency  port  by  about  13  dB.  This  is  an  inherent 
characteristic  of  a traveling -wave  line  source. 
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Fig.  rV-4.  Schematic  view  of  SAW/CCD  buffer  memory  device.  Finger 
recharging  components  are  not  shown. 
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Antenna  pattern  and  impedance  measurements  have  been  made  at  the  model  frequencies 
(6  to  8 GHz)  for  both  types  of  mounts.  These  measurements  have  provided  sufficient  informa- 
tion for  design  and  construction  of  the  actual  devices  for  operation  at  600  to  800  GHz. 

B.  J.  Clifton  H.  R.  Fetterman 

W.  D.  Fitzgerald  P.  E.  Tannenwald 
(Group  36) 

B.  CHARGE-COUPLED  DEVICES:  SAW/CCD  BUFFER  MEMORY 

We  have  designed  and  are  fabricating  an  integrated  buffer  memory  having  a surface-acoustic- 
wave  (SAW)  input  and  a CCD  output.  Exploratory  work  is  being  done  with  a 3.56-psec-long 
acoustoelectric  interaction  region  operating  at  a 100-MHz  center  frequency  with  about  a 30-MHz 
bandwidth.  The  device  geometry  used  is  shown  in  Figs.  IV-4  and  IV- 5. 


Fig.  IV- 5.  Cross-sectional  view  of 
SAW/CCD  buffer  memory  device. 
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The  principles  of  device  operation  and  typical  operating  parameters  are  expected  to  be  as 
follows.  Prior  to  the  application  of  an  input  signal,  the  sampling  fingers  are  precharged  to  the 
potential  corresponding  to  a half-full  CCD  well  by  means  of  the  biasing  rail  and  gate  shown  on 
the  left-hand  side  of  Fig.  IV-5.  After  the  biasing  gate  is  closed,  a wideband  signal  is  entered 
at  the  SAW  transducer  and  generates  a propagating  surface  wave  with  a piezoelectric  displace- 
ment field.  This  field  modulates  the  potential  on  each  of  the  sampling  fingers  and  thus  modulates 
the  charge  in  the  storage  wells  in  Fig.  IV-5.  This  charge  movement  is  sufficiently  fast  in  a 
buried-channel  device  that  it  should  be  possible  to  use  this  technique  for  information  bandwidths 
as  high  as  200  MHz.  The  sampling  gate  is  shut  in  a time  interval  no  longer  than  one -half  an  RF 
period,  and  a sampled  replica  of  the  SAWr  waveform  is  captured  in  the  storage  wells.  With  de- 
vice  leakage  (dark)  current  of  1 nA/cm  , a storage  time  as  long  as  1 sec  can  be  obtained.  When 
the  transfer  gate  is  opened  and  the  storage  gate  closed,  these  captured  charge  packets  are 
parallel-loaded  into  the  CCD  analog  delay  line  and  shifted  out  in  a serial  fashion  at  a rate  deter- 
mined by  the  CCD  clock. 

The  full  spatial  content  of  the  piezoelectric  wave  is  not  required.  The  required  spacing  of 
the  sampling  fingers  can  be  determined  by  thinking  in  terms  of  an  effective  sampling  frequency 
f , which  is  related  to  the  spatial  period  of  the  sampling  fingers  Sc  through  the  relation 

Sc  = vs/fs  (IV-1) 

where  Vg  is  the  velocity  of  the  SAW.  Sc  is  also  the  cell  size  of  the  CCD,  since  there  must  be 
one  CCD  cell  for  each  sampling  finger.  The  least  count  (minimum  step)  of  our  automated  mask- 
making equipment  dictates  that  Sc  be  a multiple  of  2.54  pm.  Thus,  f is  limited  to  certain  dis- 
crete frequencies.  For  the  same  reason,  fc  (the  input  center  frequency)  is  also  limited  to  dis- 
crete values. 
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The  effective  sampling  frequency  f and  the  input  center  frequency  f must  be  chosen  care- 

s c 

fully  so  that  the  output  data  stream  is  an  accurate  replica  and  does  not  lose  any  of  the  desired 
information  from  the  input  signal.  In  sampled  data  theory,  such  loss  of  information  is  called 
n aliasing,”  or  frequency  folding.  What  happens  if  f and  f are  not  carefully  chosen  is  shown  in 
Figs.  IV-6(a)  and  (c),  where  folding  and  spectral  overlap  can  be  seen. 


hi-i-wiil 


f 


Fig.  IV-6.  Frequency  spectrum  of  an 
input  signal  centered  around  fc  sam- 
pled at  a frequency  fs:  (a)  fc  too  low, 
(b)  fc  acceptable,  and  (c)  fc  too  high. 
Frequencies  above  input  frequency 
are  not  shown. 
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An  appropriate  procedure  for  selecting  fg  and  fQ  is  to  choose  a sampling  frequency  f high 
enough  to  prevent  aliasing  and  which  is  compatible  with  the  restrictions  placed  on  the  cell  size 
Sc  by  the  mask-making  equipment.  Given  the  specified  signal  bandwidth  Af  and  the  sampling  fre- 
quency fg,  there  is  a limited  range  of  values  of  f which  will  not  cause  one  of  the  problems  de- 
picted in  Fig.  IV-6.  In  the  following  paragraphs  we  will  derive  a set  of  inequalities  which  can  be 
used  to  select  f and  f given  Af. 

The  effective  sampling  frequency  is  constrained  to  twice  the  desired  information  bandwidth 
by  the  sampling  theorem: 

fs  > 2Af  . (IV-2) 

This  relation  can  be  used  to  select  the  effective  sampling  frequency.  Once  a sampling  frequency 
has  been  chosen,  there  are  limits  on  the  permissible  range  of  input  frequencies.  The  input  fre- 
quency f^  cannot  be  below  the  sampling  frequency: 

f.  > f 
in  s 

or  if  we  let  f-n  = f — Af/2  and  rearrange: 

fc  > fs  + Af/2  . (IV—  3 ) 
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There  is  also  an  upper  limit  on  the  input  signal  frequency.  Second-order  mixing  products 
(sidebands  of  the  second  harmonic  of  the  sampling  frequency)  must  not  overlap  the  output  spec- 
trum [see  Fig.  rv —6 (c ) ] : 


2f  - f.  > f . - f 
s in  in  s 


or  if  we  let  f^  equal  its  maximum  value  of  fc  + Af/2  and  rearrange: 


fc  < (3f  - Af)/2 


(IV-4) 


Inequalities  (IV-3)  and  (rV-4)  can  be  rearranged  into  one  relation  for  the  range  of  acceptable 

values  for  f : 

c 


fs  + Af/2  < fc  < (3fg  - Af)/2 


(IV-5) 


The  maximum  value  for  the  signal  bandwidth  permitted  by  relation  (IV-5)  is  Af  = f^/2,  corre- 
sponding  to  a center  frequency  of 

fc  = 5fg/4  . (IV-6) 

This  frequency  can  be  used  as  the  target  design  frequency  for  the  SAW  input  transducer. 

When  a center  frequency  has  been  chosen  from  one  of  the  discrete  values  allowed,  rela- 
tions (IV-3)  and  (IV -4)  can  again  be  rearranged  to  find  the  resulting  bandwidth.  It  is  the  smaller 
of  the  two  values  given  by 


Af  < 


2(f  - f ) 
c s' 

3f  - 2f 
s c 


(IV -7) 
(IV-8) 


Relations  (IV-2),  (IV-5),  and  (IV-6)  can  be  used  to  select  the  effective  sampling  frequency  and 
the  center  frequency  when  a certain  bandwidth  is  desired.  Relations  (1V-7)  and  (IV-8)  can  then 
be  used  to  find  the  maximum  bandwidth  resulting  from  the  chosen  values  of  and  fg. 

For  our  initial  prototype,  we  wanted  a bandwidth  Af  of  at  least  25  MHz.  If  we  use  a lithium 
niobate  SAW  device  (V  = 3430  m/sec),  relations  (IV- 1)  and  (IV-2)  yield  a maximum  cell  size  of 
68.6  pm.  A cell  size  of  40.6  pm  was  chosen  as  more  convenient  from  a mask-making  point  of 
view.  This  cell  size  corresponds  to  an  effective  sampling  frequency  f of  84.4  MHz,  for  which 
Eq.  (IV-6)  yields  an  optimum  center  frequency  f of  10  5.5  MHz.  103.8  MHz  is  a convenient  value, 
and  relation  (IV -7)  tells  us  that  such  a choice  will  limit  our  bandwidth  to  38.9  MHz,  which  is  well 
above  the  desired  value  of  25  MHz. 

Fabrication  of  the  silicon  CCD  and  the  lithium  niobate  SAW  delay  line  is  complete.  These 
components  are  being  tested  and  will  be  assembled  into  a complete  device  in  the  near  future. 

D.  L.  Smythe 


C.  CHARGE-COUPLED  DEVICES:  IMAGERS 

Fabrication  of  the  100-  X 400-element  CCD  imagers  for  the  GEODSS  (Ground  Electro -Optical 
Deep  Space  Surveillance)  program  has  been  continuing.  Recent  yields  based  on  static  testing 
(gate -gate  and  gate -substrate  shorts)  have  been  encouragingly  high,  averaging  about  14  percent 
for  three  runs  of  6 wafers  each,  but  dynamic  test  yields  have  been  somewhat  lower  due  to  fab- 
rication errors  which  have  been  corrected.  Transfer  inefficiency  and  dark-current  levels  have 


39 


Fig.  rV-7.  Photograph  of  100  X 400  CCD  imager  in  24-pin  DIP.  To  provide 
protection  against  accidental  static  discharge,  pairs  of  back-to-back  Zener 
diodes  are  connected  across  device  gates.  In  addition,  an  emitter-follower 
circuit  is  included  in  package  to  buffer  output  signal. 


Fig.  IV -8.  Photograph  of  imaging  CCD 
mounted  in  liquid  -cooled  Dewar  with 
optical  window. 
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improved  considerably  in  the  latest  devices.  Several  chips  have  been  packaged  and  are  being 

tested  as  single -chip  imagers  operating  in  the  "stare"  mode.  These  devices  will  be  evaluated 

2 

on  one  of  the  telescopes  at  the  GKODSS  experimental  test  system  near  Socorro,  New  Mexico. 

Dynamic  testing  of  these  devices  is  done  at  the  wafer  level  by  means  of  a probe  card  which 
contains  the  driver  circuits  for  clocking  the  CCD.  The  timing  logic  is  generated  separately  and 
brought  to  the  probe  car'd  by  twisted  pair  leads.  Locating  the  drivers  on  the  probe  card  close  to 
the  device  is  done  to  minimize  ringing  and  crosstalk  resulting  from  the  fast  rise  times  of  the 
pulses  and  is  standard  practice  in  commercial  dynamic  testing  of  integrated  circuits.  At  pres- 
ent, all  dynamic  testing  is  performed  with  electrical  input  signals  either  to  the  output  register 
alone  or  to  the  input  register,  in  which  case  the  entire  40,000 -element  array  can  be  tested.  In 
cases  where  the  dark  current  is  greater  than  about  100  nA/cm  , the  wafer  must  be  cooled  to  per- 
mit testing.  We  have  successfully  probe  tested  devices  at  below  — 130 °C  by  enclosing  the  prober 
in  a plastic  bag  purged  with  dry  N^.  Cold  gas  from  a liquid  source  is  circulated  through  the 
wafer  chuck.  It  is  not  necessary  for  the  interior  of  the  bag  to  be  completely  moisture -free  since 
the  devices  continue  to  function  even  after  a thin  layer  of  ice  has  condensed  on  the  wafer. 

Some  processing  problems  have  been  revealed  during  dynamic  tests,  and  corrective  mea- 
sures have  been  taken.  One  problem  has  been  with  the  n+  diffusion  along  the  input  and  output 
registers  which  serves  as  a charge  drain  to  control  blooming.  Lateral  diffusion  of  the  phospho- 
rous dopant  had  brought  the  n region  too  close  to  the  signal  channel  in  some  devices,  and  this 
resulted  in  most  or  all  of  the  signal  charge  being  diverted  into  the  blooming  control  drain.  This 
problem  was  diagnosed  in  time  to  modify  some  of  the  processing  times  and  temperatures  on  a 
partially  completed  device  run.  This  procedure  was  partially  successful,  and,  from  the  6 wafers, 
17  out  of  24  devices  which  had  passed  static  testing  were  successfully  operated  with  electrical 
input  signals. 

Several  chips  from  this  recent  run  have  been  mounted  in  24-pin  dual  in-line  packages  (DIPs) 
as  shown  in  Fig.  IV-7.  Each  gate  on  the  CCD  is  protected  from  rupture  due  to  electrostatic  dis- 
charge bv  means  of  a pair  of  back-to-back  30 -V  Zener  diodes.  In  addition,  an  emitter-follower 
circuit  and  the  load  resistor  for  the  on-chip  output  MOSFET  can  be  seen  mounted  in  the  package 
to  the  right  of  the  CCD.  The  emitter  follower  provides  signal  buffering  needed  to  drive  the  coax- 
ial cable  leading  out  of  the  Dewar  in  which  the  device  is  mounted  (Fig.  IV-8).  Charge-transfer 
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inefficiencies  measured  on  the  serial  output  register  of  these  devices  are  about  2 X 10  per 

_3 

transfer,  which  is  a considerable  improvement  over  the  value  of  1.3  X 10  reported  on  an  ear- 

3 -5 

lier  device  and  is  within  the  system  specification  of  8 X 10  . All  such  measurements  are  made 

with  signals  separated  in  time  by  at  least  5 msec  to  ensure  complete  emptying  of  the  mid-gap 

Au  level.  The  improved  transfer  inefficiency  indicates  that  we  have  successfully  gettered  or 

prevented  the  introduction  of  the  high  levels  of  Au  contamination  (see  Sec.  E below)  which  we  had 

3 

seen  in  earlier  devices. 

Dark  currents  in  the  output  register  are  correspondingly  lower  and  are  typically  less  than 
4 nA/cm  . However,  many  areas  of  the  imaging  portion  of  the  devices  have  values  in  excess  of 
100  nA/cm  . It  is  not  presently  understood  why  different  regions  of  the  same  CCD  have  such 
widely  differing  dark  currents. 

A commercially  available  liquid  Dewar^  with  an  optical  window  has  been  obtained  for  a 
program  of  optical  tests  on  individual  imaging  chips  (Fig.  IV-8).  In  the  "stare"  mode,  the  imager 

t Products  for  Research,  Model  TE-251. 
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Fig.IV-9.  Video  monitor  display  of  image  projected  onto  100-  x 400 -element 
CCD  imager. 
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Fig.  IV- 10.  Photograph  of  prototype  n-channel  MOS  shift  register  showing 
(1)  shift- register  cells,  (2)  switches,  (3)  dynamic  latches,  and  (4)  static 
latches. 
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clocks  are  held  stationary  for  an  integration  period,  a shutter  is  then  closed  to  shut  off  illumina- 
tion of  the  device,  and  the  signal  charge  is  clocked  out  of  the  device.  An  example  of  the  imaging 
quality  is  shown  in  Fig.  IV-9.  In  this  case,  a transparency  was  focused  onto  a 100-  x 400-cell 
device  and  the  signal  output  was  displayed  on  a TV  monitor.  Further  tests  of  this  imager  in  the 
stare  mode  are  planned  at  the  GEODSS  test  site. 

B.  E.  Burke  R.  W.  Mountain 

W.  H.  McGonagle  D.  F.  Kostishack 
D.  J.  Silversmith  (Group  94) 

D.  CHARGE-COUPLED  DEVICES:  PROGRAMMABLE  TRANSVERSAL  FILTER 

4 5 

In  previous  reports,  * the  structure  of  a high-speed  CCD  programmable  transversal  filter 
was  described.  The  integration  of  MOS  peripheral  logic  circuitry  with  the  CCD  structure  re- 
quired the  development  of  a CCD- compatible  MOS  technology.  During  the  past  quarter,  a test 
device  consisting  of  an  MOS  shift  register  and  latch  circuits  has  been  developed  to  demonstrate 
the  feasibility  of  fabricating  high-performance  n-channel  MOS  logic  devices  using  a process  and 
substrate  material  which  are  also  suitable  for  CCDs.  The  device  is  capable  of  operating  at  data 
rates  from  0 to  8 MHz  with  an  output  amplitude  from  0 to  10  V.  Experiments  have  been  per- 
formed to  show  that  a digital  reference  can  be  stored  in  the  static  latch  circuit  while  a new  ref- 
erence is  being  clocked  in  and  out  of  the  shift  register. 

A photomicrograph  of  the  test  device  is  shown  in  Fig.  IV- 10.  For  the  final  device,  a static 
latch  store  is  intended  for  use  with  the  shift  register.  However,  in  this  test  device,  a simple 
switch  output  and  a dynamic  latch  are  also  included  for  evaluation  purposes.  The  functions  of 
each  element  shown  in  the  photomicrograph  are  described  below: 

(1)  A digital  reference  function  is  serially  loaded  into  the  32-stage,  serial-in/ 
parallel-out  static  shift  register. 

(2)  The  output-enable  switches  separate  the  output  nodes  from  the  shift 
register. 

(3)  A dynamic  latch  temporarily  stores  the  reference  function  from  the  shift 
register. 

(4)  A static  latch  holds  the  digital  reference  function  indefinitely. 

A shift-register  cell  consists  of  two  ratio-inverter  stages  connected  as  a flip-flop  by  the 
clock  lines.  In  operation,  the  source  voltage  VQut  of  the  load  FET  in  the  inverter  of  Fig.IV-11 
varies  with  respect  to  the  fixed  substrate  bias.  If  the  increase  of  threshold  voltage  versus  the 
source-substrate  bias  is  too  fast  (i.e.,  if  the  back-gate  bias  effect  is  too  strong),  VQut  will  not 
rise  to  the  desired  value  or,  in  some  cases,  the  circuit  operation  will  be  impaired.  Further- 

o 

more,  the  zero-bias  threshold  voltage  tends  to  be  negative  with  the  1000-A  gate  oxide  thickness 
and  high-resistivity  substrate  material  which  we  intend  to  use  for  the  CCD.  Therefore,  a boron- 
implanted  channel  region  must  be  included  to  adjust  the  threshold  voltage  to  the  desired  value 
without  causing  intolerable  substrate  bias  sensitivity. 

Based  on  a one -dimensional  step-doping  profile  model  ^ detailed  analysis  of  an  n-channel 
MOSFET  device  with  an  implanted  channel  region  has  been  carried  out  in  order  to  determine 
the  acceptable  channel  implant  dose  and  energy.  The  device  design  is  shown  in  the  inset  of 
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Fig.  rv-ll.  Measured  transfer  characteristics  for  ratio  inverter 
shown  schematically  in  inset. 
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Fig.  IV-12.  Back-gate  dependence  of  threshold  voltage.  Fermi  energy  level 
0f  of  0.35  V was  used  in  plot.  Slopes  were  calculated  using  following  param- 
eters: Kg  = 11.7,  Cox  = 3-43  x 10“8  F/cm2,  Na  = 1.2  X 10*6  cm"3  for  initial 
slope,  and  Na  = 10 15  cm’3  for  final  slope.  Symbols  are  defined  in  text. 
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Fig.  IV- 12.  Boron  implant  was  used  to  raise  the  substrate  doping  in  the  region  under  the  gate. 
Based  on  the  above-mentioned  model,  the  dependences  of  threshold  voltage  on  source -substrate 
bias  are  as  follows. 

When  W D, 


VT  * VFB  * 20p  ♦ 


"iVS,sub  + 2°t 


(rvr-9) 


where  W is  the  depletion-layer  depth  under  the  gate,  D is  the  boron-implanted  depths  after 
drive  in,  is  the  flat  band  voltage,  <p f is  the  Fermi  potential  of  the  substrate,  Kg  is  the  di- 

electric constant  of  silicon,  is  the  free-space  permittivity,  q is  the  electron  charge,  and 

N c is  the  doping  concentration  of  the  implanted  surface  region. 
a,b 

When  W > D, 


q(NaS“Na  B>  D 

VT  * VFB  + 2*f  + + 


2qN 


a,B 


K 0€  (Vc  , + 2(p  _) 
S o'  S,sub 


l»N..S-N..B)D 

4C 


2KSe°1N«,B 


7VS,sub  + 2,f>f 


(IV- 10) 


where  R is  the  " un i mp  1 anted ,f  bulk  substrate  doping  concentration.  Equations  (IV-9)  and 
(IV —10)  indicate  two  important  consequences.  First,  by  using  ion  implantation  to  raise  the  sur- 
face doping  concentration  under  the  gate,  the  zero-bias  threshold  voltage  of  a high- resistivity 
substrate  n-channel  MOS  can  be  adjusted  to  the  desired  positive  value.  Second,  when  the 
depletion-layer  depth  under  the  gate  is  greater  than  the  boron-implanted  depth,  the  dependence 
of  the  threshold  voltage  on  the  source-substrate  bias  (or  the  slope  of  Vrp  vs  ^Vg  + 2<j>^  is 
determined  by  the  impurity  concentration  of  the  unimplanted  bulk  substrate,  not  by  the  implanted 

layer.  The  results  of  this  analysis  were  used  to  specify  that  the  channel  implant  dose  for  these 
11  -2 

wafers  was  5 X 10  cm  at  an  energy  of  70  keV.  The  measured  threshold  voltage  as  a function 
of  source-substrate  bias  for  a typical  device  is  shown  in  Fig.  IV-12.  It  shows  different  regions 
of  dependence  of  threshold  voltage  on  the  source -substrate  bias,  i.e.,  the  initial  dependence  on 
the  surface  doping  and  the  final  dependence  of  the  bulk  doping.  The  net  result  is  that  as  Vg 
increases  from  0 to  18  V,  the  increase  in  threshold  voltage  is  only  from  1.3  to  6.3  V.  This  re- 
sult clearly  demonstrates  that  the  back-gate  bias  effect  can  be  controlled  with  an  appropriate 
channel  implant. 

Care  must  also  be  given  in  determining  the  boron  implant  depth  when  these  n-channel 
MOSFETS  are  to  be  used  as  the  switching  devices  shown  in  Fig.  IV- 10.  The  implanted  p-type 
region  not  only  has  to  give  the  desired  threshold  dependences,  but  also  has  to  control  the  extent 
of  the  source  and  drain  depletion  regions.  With  the  gate  turned  off,  these  depletion  regions  must 
be  kept  separated.  As  shown  in  the  inset  of  Fig.  IV-12,  the  selected  boron  implant  together  with 
implanted  source  and  drain  helps  to  increase  the  source-drain  punch-through  voltage  of  a high- 
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resistivity  substrate  material. 

The  performance  of  the  shift  register  and  latch  circuits  has  been  measured.  The  shift  reg- 
ister can  be  operated  from  0 to  8 MHz,  and  the  performance  of  the  shift  register  operating  at 
8 MHz  is  shown  in  Fig.  IV-13.  The  device  also  has  been  operated  at  rates  as  slow  as  666  Hz, 
and  the  input  signal  has  been  delayed  for  about  4.8  msec  after  clocking  through  the  shift  register. 
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Fig,  IV- 13,  Performance  of  shift  register 
shown  in  FLg.  IV -10.  Upper  trace  is  clock 
waveform,  bottom  trace  is  output  from 
shift  regjster.  Clock  frequency  is  8 MHz, 
ard  tj£.v  ielay  is  3.8  psec. 


Since  the  test  device  is  intended  to  be  used  as  a static  shift  register  a^  experiment  has 
been  performed  to  show  that  information  can  be  stored  : the  shift  register  indefinitely  as  long 
as  the  clocks  are  stopped  in  the  appropriate  states  and  e power  is  on.  The  capability  of  the 
device  to  store  a digital  reference  in  the  static  latch  circuits  while  a new  reference  is  being 
loaded  into  the  shift  register  has  also  been  established,  . ~ ’on g as  the  transfer  switch  is  opened 
and  the  feedback  loop  is  closed,  the  data  are  i ernaneiFy  stored  in  the  Tip-flops. 

In  all  these  tests,  the  high  state  output  of  the  device  is  about  10  V when  V^^  is  biased  at 
18  V;  the  low  state  output  is  about  equal  to  Vgg,  which  can  vary  from  0 to  5 V.  These  results 
are  also  confirmed  by  the  measured  transfer  characteristics  of  a single-stage  inverter,  shown 
in  Fig.  IV-11.  These  test  data  indicate  that  a comfortable  operating  range  can  be  provided  by 
the  n-channel  MOS  logic  circuit  for  controlling  the  input  diodes  of  the  CCD  delay  lines. 

A.  M.  Chiang  R.  W.  Mountain 

B.  E.  Burke  D.  J.  Silversmith 

D<  E.  Smythe 


E.  WAFER-PROCESSING  TECHNIQUES  FOR  MINIMUM  DARK  CURRENT 


Dark  current  in  buried -channel,  charge-coupled  devices  results  from  recombination  centers 
(traps)  whose  energies  lie  within  the  silicon  band  gap.  ^hese  traps  are  usually  associated  with 
heavy  metal  contaminants,  particularly  gold.  \r  initial  heavy  paosphorous  diffusion  on  the 
wafer  back  side  getters  heavy  metal  contaminants  in  as-received  silicon  wafers,  and  this  doped 
layer  will  continue  to  getter  heavy  metals  introduced  from  the  subsequent  processing  environment 
as  long  as  it  is  in  place.  Dark-current  levels  of  1 nA/cm  have  been  achieved  on  gate- 
controlled  diodes  using  this  process. 

A dark  current  of  10  nA/cm  (which  is  the  required  level  for  the  large-area  imaging  CCDs) 
corresponds  to  a carrier  lifetime  t of  approximately  120  psec.  The  corresponding  gold-trap 
density  is  given  by 


Nt  = 


a v..  t 

n th  o 


= 2X10 


11 


-3 


- 15  2 

where  cr^  (the  capture  cross  section)  is  4 X 10  cm  , and  \ ^ (the  thermal  velocity)  is 
107  cm/sec  (Ref.  8).  An  additional  dark -current  source  is  the  mid-gap  fast-interface  states. 
However,  with  proper  annealing  the  interface  state  density  can  be  kept  low,  and  in  our  devices 
their  contribution  to  the  dark  current  is  less  than  1 nA/cm'  . 


11  -3 

Proper  wafer-processing  techniques  can  reduce  to  2 X 10  cm  or  less,  significantly 

below  the  levels  which  would  be  otherwise  expected.  Measurements  of  gold  levels  in  unprocessed 
9 11  14  -3 

wafers  are  in  the  range  10  to  10  cm  . In  addition,  gold  introduced  from  acid  etches  can 

12  13  -2 

result  in  surface  concentrations  of  10  to  10  cm  on  silicon  wafers;  this  leads  to  N.  = 

14  -3  10  1 

10  cm  when  the  wafers  undergo  high-temperature  heat  treatment,  although  the  wafer- 

. 13  -3 

cleaning  process  in  current  use  reduces  this  value  to  no  more  than  10  cm  (Ref.  11). 

19  -3 

Using  the  gettering  effect  of  a high- concentration  (>10  -cm  ) phosphorous  diffusion  along 

a y 

with  the  protection  of  an  oxide  layer  has  been  shown  to  reduce  gold  traps  to  an  acceptable  level, 

and  these  modifications  have  been  incorporated  into  our  processing  schedule.  In  order  to  create 

a suitable  gettering  layer,  phosphorus  is  diffused  into  wafer  backs  and  serves  a dual  purpose. 

Not  only  is  gold  gettered,  but  crystalline  defects  in  the  as-received  wafers  are  gettered  as  well. 

13  14 

This  so-called  POGO  (pre -oxidation  gettering  of  the  other  side)  process  * uses  a POCU 

15  ** 

source  in  a 1150°C  furnace  for  4 hr.  Gate -controlled  diodes  fabricated  with  this  back-side 
diffusion  had  Nt  < 2 x 1010  cm  3 or  < 1 nA/cm^.  Tests  have  also  shown  that  the  N+  POGO 
layer  is  effective  in  gettering  gold  contamination  due  to  etches  and  atmospheric  impurities. 

An  experiment  was  undertaken  to  study  the  effects  of  this  phosphorous -doped  layer  through 
the  processing  sequence.  Twelve  40-ohm-cm  (100)  float  zone  grown  wafers  were  separated  into 
two  six- wafer  lots  after  POGO  treatment.  Six  wafers  followed  a previous  process  that  removes 
the  POGO  diffused  layer  by  a 20 -jam  back-side  etch  prior  to  oxidation.  On  the  other  six  wafers, 

o 

the  POGO  layer  was  left  intact.  Subsequent  processing  involves  the  formation  of  an  800 -A  SiO^ 

o “ 

and  1500-A  Si^N4  gate  dielectric,  a 15-min.  phosphorous  diode  diffusion,  and  1000 °C  anneals 
for  various  periods  of  20  min.  to  6 hr  with  back-side  oxide  removed.  All  wafers  were  then  an- 
nealed at  900°  C in  for  15  min.  and  metallized  with  aluminum  to  form  gate -controlled  diode 
structures.  Wafers  which  had  been  stripped  of  their  POGO  layer  before  initial  oxidation  suffered 

dark-current  increases  in  proportion  to  their  subsequent  N~  anneal  times  (from  <5  nA/cm  to 

2 ^ 

1 mA/cm  ).  In  contrast,  wafers  with  the  POGO  layers  left  on  during  subsequent  processing 

show  < 5 nA/cm  regardless  of  anneal  times.  The  six-orders-of-magnitude  increase  in 

for  the  stripped  POGO  wafers  cannot  be  explained  by  gold  plating  from  etchants  alone.  This 

enormous  increase  may  be  evidence  of  impurities  introduced  from  other  sources  in  the  processing 

environment. 

When  retaining  the  POGO  layer,  one  must  be  careful  that  hot  processing  does  not  reduce 
the  N+  concentration  by  outdiffusion  or  deeper  diffusion  to  the  point  where  the  phosphorus  no 
longer  getters.1^  Our  tests  indicate  that  this  does  not  occur  in  our  present  processing  scheme. 

D.  J.  Silversmith  D.  M.  Smith 
R.  W.  Mountain  B.  E.  Burke 
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V.  SURFACE-WAVE  TECHNOLOGY 


A.  PRECISION  SAW  FOURIER-TRANSFORM  SYSTEM 

The  precise  linear-FM  response  which  can  be  obtained  from  reflective -array  compressors 
(RACs)  has  made  possible  the  realization  of  large -bandwidth  Fourier-transform  systems  that 
use  surface-wave  devices.  Such  systems  offer  the  potential  advantages  of  high  speed  combined 
with  smaller  size  and  less  power  consumption  than  equivalent  digital  systems.  A 300 -point 
Fourier-transform  .system  with  a bandwidth  of  10  MHz  has  been  breadboarded  for  the  first  phase 
of  the  demonstration  of  the  performance  of  this  analog  approach.  The  system  is  designed  for  a 
combination  of  high  precision  and  wide  dynamic  range  in  the  Fourier  transform. 


Fig.V-1.  Hybrid  chirp-Fourier-transform  system  in  which  input 
and  output  are  digital  data. 

The  complete  system  which  is  under  construction  is  illustrated  in  block  form  in  Fig.  V-l. 

The  system  can  operate  asynchronously  with  contiguous  blocks  of  data,  each  block  consisting  of 
2 56  words,  at  an  input  rate  up  to  10  MW/sec  in  both  I and  Q channels.  The  data  are  read 
into  buffer  memories  at  a rate  determined  by  the  data  source.  After  the  input  registers  are 
full,  the  data  are  read  out  through  the  D/A  converters  under  control  of  the  system  internal  clock. 
Meanwhile,  the  next  block  of  data  is  being  loaded  into  the  memories.  The  modulator  serves  to 
shift  the  data  now  converted  to  an  analog  signal,  to  a convenient  EF,  after  which  the  signal  is 
routed  to  two  chirp-transform  systems.  The  two  transform  systems  operate  in  a "ping-pong" 
mode.  The  analog  portion  of  the  chirp-transform  system  could  easily  be  designed  to  operate 
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Fig.V-2.  Chirp  Fourier  transform  of 
sine  wave.  Upper  trace:  input  sine 
wave;  lower  trace  Fourier  transform. 
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Fig.V-3.  Chirp  Fourier  transform  of 
square  wave.  Upper  trace:  input  square 
wave;  lower  trace:  Fourier  transform. 
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Fig.V-4.  Chirp  Fourier  transform  of 
input  sine  waves  at  1,  2,  3,  4,  and  5 MHz, 
respectively,  starting  at  upper  trace. 
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at  much  higher  bandwidth  (>20  MHz)  and  thus  accommodate  a net  throughput  rate  of  10  MW /sec 
by  operating  at  less  than  50 -percent  duty  factor.  In  principle,  this  would  remove  the  need  for 
operating  in  the  ping-pong  mode.  However,  this  mode  was  chosen  because  the  lower  bandwidth 
places  less  severe  restrictions  on  the  D/A's  and  A/D's. 

The  ping-pong  chirp-transform  system  requires  four  RAC  devices,  two  used  for  pre-  and 
post-multiplication  (M-RACs),  and  two  used  for  convolution  (C-RACs).  Since  the  system  band- 
width is  the  difference  between  the  bandwidth  of  the  convolution  device  and  that  of  the  multiply 
chirp,  maximum  system  time -bandwidth  is  achieved  if  the  convolution  device  has  twice  the 
bandwidth  and  dispersion  of  the  multiply  chirp.  Since  lower  insertion  loss  of  the  RAC  devices 
is  achieved  if  they  have  a downchirp  impulse  response,  all  the  RACs  are  so  constructed.  There- 
fore, the  lower  sideband  signal  is  chosen  after  the  first  mixer  in  order  to  invert  the  chirp  and 
match  the  C-RAC  filter.  The  lower  sideband  is  also  required  after  the  second  mixer  in  order 
to  remove  the  quadratic  phase  characteristic  from  the  now  Fourier-transformed  signal.  The 
demodulator  serves  to  convert  the  transformed  signal  to  baseband  I and  Q signals.  Finally, 
the  transformed  signals  are  converted  to  digital  and  read  out  through  buffer  memories  similar 
to  those  at  the  system  front  end. 

The  section  of  the  system  which  is  inside  the  dashed  box  in  Fig.  V-l  has  been  breadboarded 
using  RAC  filters  originally  designed  for  another  program.  The  parameters  of  this  breadboard 
system  are  listed  below. 


Breadboard  System  Parameters 


Center 

Frequency 

(MHz) 

Bandwidth 

(MHz) 

Dispersion 

(|asec) 

CW 

Insertion 

Loss 

(dB) 

M-RAC 

70 

10 

30 

22 

C-RAC 

95 

20 

60 

30 

LO  1 

70 

- 

- 

- 

LO  2 

165 

— 

— 

— 

The  performance  obtained  with  some  representative  waveforms  is  shown  in  Figs.  V-2  through 
V-4.  Figure  V-2  shows  the  transform  of  a CW  waveform  and  illustrates  the  high  signal-to-noise 
ratio  (SNR)  and  lack  of  distortion  of  the  system.  Since  the  system  effectively  gates  the  input 
waveform  to  the  time  duration  of  the  multiplying  chirp,  the  transform  is  that  of  a 30-jisec  gated 
RF  pulse,  i.e.,  a (sin  x)/x  function.  Although  the  system  was  not  optimized,  it  was  possible  to 
attenuate  the  CW  input  by  more  than  70  dB  and  still  detect  an  output  above  noise,  thus  indicating 
a large  dynamic  range.  Actually,  the  amplitude  of  the  output  is  a function  of  the  nature  of  the 
input  signal.  For  example,  maximum  output  signal  is  achieved  with  a CW  input,  whereas,  if 
the  input  were  a video  pulse,  the  output  would  be  lower  by  the  ratio  of  the  video  pulse  length  to 
the  length  of  the  transform,  i.e.,  to  the  dispersion  of  the  pre-multiplying  chirp. 

Figure  V-3  illustrates  the  Fourier  transform  of  a square-wave  input  showing  all  odd  har- 

-1 

monies  falling  off  as  (n)  . Figure  V-4  illustrates  the  Fourier  transform  of  a series  of  input 

CW  waveforms  from  1 to  5 MHz.  The  signals  were  inserted  only  into  the  I channel.  There- 
fore, both  sidebands  were  generated  in  the  modulator,  and  an  equivalent  series  of  lower  side- 
bands could  be  seen  (but  not  shown)  symmetric  about  the  zero -frequency  point.  This  illustrates 
the  system  bandwidth  of  10  MHz. 
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Fig.V-5.  Post,  channel,  and  rail  support  structures 
employed  in  gap-coupled  acoustoelectric  SAW  devices. 
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Fig.  V-6.  Laser  probe  for  measuring  beam  profiles  in 
acoustoelectric  convolvers. 
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In  the  second  phase  of  the  SAW  Fourier -transform  program,  an  improved  brassboard  ver- 
sion of  the  complete  system  will  be  constructed.  New  RAC  devices  have  been  designed  to  op- 
erate at  center  frequencies  which  have  been  chosen  to  avoid  all  mixer  intermodulation  spurious 
up  to  seventh  order.  The  buffer  memories  and  timing-control  circuitry  are  being  designed  to 
allow  interfacing  with  the  IBM  370  computer  for  system  exercise  and  evaluation.  In  addition, 
the  amplifiers  and  oth£r  RF  components  have  been  chosen  to  maximize  output  SNR.  The  D/A’s 
and  A/D's  are  each  to  have  at  least  8-bit  accuracy  at  10  MW/sec  digital  rate.  This  system 
will  provide  the  desired  combination  of  accuracy,  speed,  and  dynamic  range  and  will  allow 
direct  comparison  with  competitive  digital  processors. 

M.  B.  Schulz 

B.  PROPAGATION  MODES  IN  GAP-COUPLED  ACOUSTOELECTRIC  DEVICES 

The  acoustoelectric  convolver  developed  at  Lincoln  Laboratory  is  a composite  structure 

consisting  of  a LiNbCL  delay  line  and  a silicon  strip  separated  from  the  delay  line  by  an  inter- 
1 * 

vening  air  gap.  A series  of  posts  (or  rails)  ion  beam  etched  into  the  LiNbO-  surface  maintains 

2 

a stable  air  gap  over  a wide  temperature  range.  This  structure  has  been  used  in  several  types 
of  acoustoelectric  devices.  Optical-probing  data  of  SAW  propagation  under  the  silicon  have 
demonstrated  that  the  silicon  in  place  over  the  delay  line  weakly  guides  the  surface  wave  and 
forms  an  overmoded  waveguide.  The  support  structure  (posts  or  rails)  modifies  the  mode  pat- 
tern and  can  cause  intermode  coupling  or  scattering  out  of  the  waveguide,  thus  degrading  the 
device  performance. 

3 

The  effects  of  the  support  structure  have  been  investigated  theoretically  and  experimentally, 
and  improved  supports  have  been  identified.  Three  basic  types  of  silicon  support  structures  — 
posts,  rails,  and  a channel  — have  been  fabricated  on  LiNbO^  delay  lines,  as  shown  in  Fig.  V-5. 
With  these  structures,  it  was  possible  to  compare  the  delay-line  loss  with  and  without  the  silicon 
in  place.  The  magnitude  of  the  acoustoelectric  attenuation  of  the  surface  wave  due  to  the  pres- 
ence of  the  resistive  silicon  can  be  predicted  theoretically.  The  remainder  of  the  added  loss, 
termed  excess  loss,  is  due  to  moding  effects  and  scattering  of  the  surface  waves  by  the  support 
structure  into  bulk  and  other  surface  waves. 

An  optical  probe  was  set  up  for  monitoring  the  profile  of  the  acoustic  beam  as  it  propagates 
4 

under  the  silicon.  A He-Ar  laser  beam  is  directed  through  the  back  side  of  the  LiNbO^  delay 
line  as  shown  in  Fig.  V-6.  The  surface  wave  diffracts  a fraction  of  the  beam  energy.  Two  PIN- 
diode  detectors  are  set  up  to  intercept  the  reflected  laser  radiation.  One  measures  the  specular 
reflection  from  the  surface  of  the  LiNbO^  which  carries  the  surface  wave  (front  surface),  and 
the  second  detector  measures  the  energy  which  has  been  diffracted  by  the  surface  wave  into  the 
first-order  Bragg  angle.  The  ratio  of  the  detector  output  is  approximately  proportional  to  the 
power  of  the  surface  wave.  The  ratio  measurement  nearly  compensates  for  variations  of  reflec- 
tion and  transmission  in  LiNbO^  and  for  the  effects  of  multiple  reflections  which  occur  between 
the  LiNbO^  and  the  silicon. 

Measurements  were  made  of  SAW  propagation  under  a silicon  strip  supported  by  a random 
array  of  posts  which  were  5 ^m  in  diameter  and  were  located  on  4-  X 8-mil  centers  with  ±2 -mil 
randomization.  The  profile  of  the  SAW  varied  considerably  from  device -to-device  even  under 
the  most  controlled  fabrication  procedures.  In  some  cases  the  acoustic  beam  profile  was  fairly 
uniform  down  the  length  of  the  silicon  strip,  and  the  excess  loss  was  as  low  as  2 dB.  In  other 
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Fig.V-7.  Beam  profiles  for  surface  wave 
propagating  under  silicon  strip  with  post 
support  structure. 


o 

o 

_J 

V) 

Ll_ 

o 

o 

Fig.V-8.  Beam  profiles  for  surface  wave  2 
propagating  under  silicon  strip  with  support  2 
structure  consisting  of  8 parallel  rails.  2 
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cases,  the  beam  profile  varied  considerably,  as  shown  in  Fig.  V-7,  and  the  excess  loss  was 
8 dB  or  more. 

The  profile  of  the  acoustic  wave  propagating  under  a silicon  strip  with  a channel-type  sup- 
port was  also  measured.  The  width  of  the  channel  was  60  mils  and  the  exciting  transducers  had 

o 

an  aperture  of  30  mils.  The  device  had  a nominal  gap  spacing  of  about  4500  A.  The  spring 

o 

pressure  holding  the  silicon  in  place  bowed  the  silicon  toward  the  delay  line  by  about  800  A. 

This  bowing  tended  to  concentrate  the  acoustic  energy  toward  the  center  of  the  silicon  strip  as 
it  propagated  under  the  silicon.  This  structure  had  a minimum  amount  of  excess  loss,  2 to  3 dB, 
in  comparison  with  other  support  structures.  Unfortunately,  this  structure  is  not  stable  with 
respect  to  variations  in  temperature  and  could  not  be  used  for  our  final  design. 

Joly^  reported  low  losses  when  using  a support  structure  consisting  of  equally  spaced  nar- 
row rails,  but  with  shorter  lengths  (2  cm)  of  silicon  than  commonly  used  in  the  Lincoln  Labora- 
tory devices  (3.5  to  7 cm).  Our  first  rail  devices  were  fabricated  with  6.5-pm-wide  rails  on 
100 -pm  centers.  These  showed  considerable  amounts  of  excess  loss,  namely,  5 to  6 dB.  In 
addition,  the  rail  devices  showed  a "beating”  phenomenon  between  the  fundamental  and  a higher - 
order  mode  as  shown  in  Fig.  V-8.  The  two  modes  had  characteristic  beat  lengths  of  137  A^  at 
300  MHz,  where  A^  is  the  wavelength  of  the  surface  wave.  The  beating  phenomenon  also  showed 
up  in  the  frequency  response  of  the  delay  line,  as  shown  in  Fig.  V-9.  Beat  lengths  close  to  this 

3 

value  were  predicted  analytically  by  Wang. 


Fig. V-9.  Frequency  response  of  delay  line 
with  8-rail  support  structure.  Hippies  due 
to  beating  between  modes  is  evident. 


The  support  structure  which  is  currently  yielding  the  best  results  consists  of  three  4-pm- 
wide  rails  on  14.5-mil  centers.  The  three  rails  provide  the  minimum  amount  of  support  which 

3 

will  still  ensure  temperature  stability.  Analysis  by  Wang  indicated  the  desirability  of  reducing 
the  rail  width.  While  the  rail  width  was  reduced  from  6 to  4 pm  in  the  current  design,  a rail 
width  of  only  2 pm  would  still  provide  about  twice  the  support  area  of  the  post  structure.  Ex- 
perimental data  on  post  and  channel  support  structures  indicated  a tendency  for  a null  in  the 
beam  profile  to  form  at  the  center  of  the  silicon  strip.  Using  this  clue,  we  placed  one  rail  at 
the  center  and  an  additional  rail  near  each  side  of  the  silicon  strip. 

The  acoustic  profile  under  the  silicon  for  a 20-psec  device  with  a three-rail  support  struc- 
ture is  shown  in  Fig.  V-10.  Here  we  see  the  emergence  of  a 2-lobe  beam  profile  which  remains 
relatively  stable  under  the  entire  7 -cm  length  of  the  silicon.  Insertion-loss  measurements  in- 
dicate an  excess  loss  of  only  2 dB.  The  frequency  response  of  this  device  shows  no  substantial 
interference  between  different  modes  in  the  structure. 


55 


4410 


4200 
3990 
3700 
3570 
3360 
3150 
Q*  2940 

O 2730 
u 

d 2520 
in 

fe  23,0 

O 2100 

^ ’89° 

O 
It 

n-  1600 

LU 

O 

2 1470 

< 

in  1260 
o 

1050 

040 

630 

A2r 

210 

52 


j U-8-I4522-T] 


14  5mtl  »{»-■  14  5 mil  — •*] 
RAIL  RAIL  RAIL 


Fig.V-10.  Beam  profiles  for  surface  wave 
propagating  under  silicon  strip  with  support 
structure  consisting  of  3 parallel  rails. 
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Fig.V-11.  Typical  output  correlation  peak  from  an  integrating  correlator. 
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Using  the  three-rail  support  structure  and  several  other  improvements  has  increased  the 

2 

conversion  efficiency  of  the  DPSK  convolvers  from  a previously  reported  value  of  —82  dBm  to 
efficiencies  of  — 77  dBm.  Equally  important  is  the  observation  that  the  convolvers  have  much 
more  repeatable  characteristics. 

S . A.  Reible 
V.S.  Dolat 
J.  H.  Cafarella 


C.  ACOUSTOELECTRIC  INTEGRATING  CORRELATOR 

The  device  structure  and  operating  principle  of  the  acoustoelectric  integrating  correlator 
were  described  in  a previous  report.^  By  utilizing  the  slow  charging  of  a diode  array  by  counter- 
propagating  SAWs,  this  device  can  correlate  phase -coded  waveforms  which  are  several  orders 
of  magnitude  longer  than  the  transit  time  of  the  acoustoelectric  interaction  region. 

A typical  output  from  a device  with  a transit  time  of  10  psec  is  shown  in  Fig.V-11.  This 
135-MHz  output  was  obtained  when  both  signal  and  reference  were  21-dBm,  67.5-MHz,  pseudo- 
noise biphase  waveforms  modulated  at  a 250-MHz  chip  rate  and  integrated  over  a 10-msec  code 
segment.  The  read  wraveform  at  136  MHz  wras  a 2-jjisec-long  25-dBm  pulse.  The  output  level 
is  -42  dBm. 

The  major  spurious  signal  level  in  this  first-generation  device  is  associated  with  the  read 
waveform,  as  can  be  seen  in  Fig.V-12.  No  signal  or  reference  was  entered  here,  just  the 
25-dBm  read  waveform.  It  appears  that  bulk  acoustic  waves  are  being  launched  by  the  trans- 
ducer and  are  being  detected  by  the  silicon  output  circuit.  Future  devices  will  incorporate 
means  of  quenching  these  bulk  modes. 

A critical  requirement  for  the  integrating  correlator  is  that  the  integration  be  sensibly  lin- 
ear in  time,  for  only  then  can  full  signal-processing  potential  be  realized.  The  data  which  follow 
demonstrate  such  linearity,  and,  in  fact,  were  obtained  by  operating  the  device  in  a typical 


Fig.V-12.  Output  obtained  under  same  conditions 
as  Fig.V-11  except  that  no  signal  has  been  entered. 
Spurious  signal  level  shown  is  generated  by  read 
pulse. 
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Fig.V-13.  Sequence  for  linear  operation  of 
integrating  correlator. 
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Fig.V-14.  Linearity  of  output  vs  input  for  weak 
signal  plus  strong  interference  correlated  with 
strong  reference. 
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spread-spectrum-communications  mode,  i.e.,  with  an  incoming  waveform  consisting  of  the  de- 
sired signal  plus  interference  in  the  form  of  a high-level  pseudonoise  waveform.  This  test  was 
constructed  to  simulate  an  applications  area  of  interest.  Specifically,  the  device  was  operated 
in  the  sequence  shown  in  Fig.V-13.  A 250 -V,  5 -nsec  impulse  is  applied  through  the  output  port 
to  precharge  the  diode  array  into  uniform  reverse  bias.  This  self-reverse  bias  stays  essentially 
fixed  through  the  receive  and  read  modes.  The  reason  for  the  bias  is  to  ensure  that  the  propa- 
gation conditions  are  constant  for  all  segments  of  the  long  signal  and  reference  waveforms.  In 
the  absence  of  a precharge,  the  first  segment  of  the  input  waveform  would  see  a smaller  de- 
pletion depth,  which  results  in  a slowing  of  the  wave  and  accompanying  dephasing  relative  to 

7 

later  code  segments.  Dephasing  due  to  velocity  variations  is  more  fully  discussed  elsewhere. 
The  receive  mode  commences  400  fisec  after  the  precharge,  and  the  readout  occurs  100  fisec 
after  the  integration  is  completed.  Because  of  the  long  storage  time  of  the  array,  green  LEDs 

7 

are  used  to  erase  the  array  at  the  end  of  the  cycle.  This  allows  fast  recycle  time  without  cycle - 
to-cycle  effects. 

Figure  V-14  indicates  the  linearity  of  signal  output  to  signal  input  for  integration  times  of 
1 and  10  msec.  The  chip  rate  for  signal  and  reference  was  250  kHz,  the  free-running  clock 
for  the  pseudonoise  interference  was  at  330  kHz.  Because  of  the  high  spurious  levels  gen- 
erated by  the  read  waveform  in  this  device,  a cancellation  scheme  had  to  be  employed  to  reduce 
this  spurious  level  in  order  to  obtain  the  low-power  data.  Significantly,  the  device  is  linear  for 
ratios  of  interference  power  to  signal  power  less  than  10.  The  linearity  is  good  for  both  inte- 
gration times,  implying  that  the  signal-processing  gain  should  approach  the  (bandwidth)  x (inte- 
gration time)  products  of  24  and  34  dB  for  the  two  cases  plotted.  Not  indicated  in  the  figure  is 
the  fact  that,  for  the  shorter  integration  time,  the  interference  level  at  the  output  was  approxi- 
mately 10  dB  higher  than  for  the  longer  integration  time,  a result  which  is  consistent  with  the 
difference  in  signal  processing.  Initial  tests  of  the  integrating  correlator^  response  to  a weak 
signal  dominated  by  white  noise  show  similar  results,  i.e.,  a high  noise-rejection  capability. 

If  one  defines  a figure  of  merit  as  the  ratio  of  output  power  to  input  powers,  then  for  an  un- 
tuned output  port  under  the  optimum  condition  where  the  device  is  filled  with  a uniform-amplitude 

correlation  waveform  and  the  readout  pulse  fills  the  interaction  region,  the  three -wave  inter - 

2 

action  within  the  device  has  a —86 -dBm  efficiency.  As  expected,  the  three -wave  interaction  is 

2 

less  efficient  than  the  more  typical  two-wave  interaction  used  in  convolvers. 

Another  aspect  of  the  device  linearity  is  shown  in  Fig.V-15.  In  this  case  the  signal  was 
gated  on  for  only  l/5  of  the  full  integration  time,  and  its  position  within  the  full  integration  inter- 
val was  scanned.  The  reference  and  interference  remained  on  throughout  the  full  integration 
time.  The  output  for  each  segment  is  normalized  to  the  full  integration  output.  A true  linear 
integrator  would  give  equal  weight  to  each  segment,  with  the  output  down  14  dB.  Segmenting  the 
1-msec  integration  indicates  nearly  equal  weights,  but  about  2-dB-higher  value  than  ideal.  The 
10-msec  integration,  whether  read  0.1  or  10  msec  after  integration,  tends  to  weight  the  later 
segments  too  much.  The  probable  cause  is  the  relaxation  of  the  precharge  bias  and  the  stronger 
interaction  of  the  silicon  with  the  counterpropagating  waves. 

The  mechanism  by  which  reasonably  linear  charge  integration  is  obtained  over  long  time 
sequences  is  as  follows.  Hard  forward  bias  of  the  diodes  must  be  avoided,  since  in  that  case 
the  diode  array  charges  logarithmically,  as  would  be  expected  of  a distributed  peak-detector 

g 

circuit.  Instead,  an  initial  uniform  reverse  bias  is  set  by  the  precharge  impulse,  and  is  essen- 
tially maintained  at  that  level  throughout  the  long  integration  time  by  the  strong  counterprop- 
agating references  and  interference  inputs.  Thus,  throughout  the  receive  sequence,  the  weak 
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Fig.V-15.  Weights  of  various  segments 
of  long  code  when  processed  by  integrat- 
ing correlator. 


quasi-static  potential  produced  by  the  counterpropagating  reference  and  signal  inputs  is  linearly 
integrated  by  the  reverse-biased  diodes.  In  the  limit  of  high  signal  power  (>10  dBm)  or  time 
approaching  the  storage  time  (-30  msec),  the  integration  deviates  substantially  from  the  desired 
linear  characteristic. 

The  realization  of  the  full  processing  gain  of  a large -bandwidth  code  awaits  a device  modi- 
fication. This  is  required  to  avoid  excessive  filling-factor  loss  and  to  maintain  dynamic  range. 
Filling-factor  loss  affects  the  output  power;  this  is  due  to  the  electrical  loading  of  the  active 
length  by  the  passive  length  during  the  readout  process.  The  active  length  can  be  very  short 
because  the  correlation  peak  is  very  narrow  when  a wideband  signal  is  integrated.  For  example, 
reference  and  signal  codes  of  20 -MHz  bandwidth  would  result  in  a triangular  correlation  wave- 

_ o 

form  being  stored  in  the  structure  with  a half-width  of  9 x 10  cm.  Thus,  a device  with  a 
3.5-cm  interaction  length  (20-psec  time  window)  would  have  an  unacceptable  filling-factor  loss 
of  52  dB.  The  proposed  solution  is  to  spatially  spread  the  integrated  signal  and  read  it  with  an 
expanded  read  pulse  by  using  phase-coded  transducers  for  the  reference  and  read  waveforms 
and  a standard  transducer  for  the  signal.  This  should  produce  a narrow  compressed  pulse  with 
low  sidelobes,  and  would  read  out  the  correlation  peak  with  a filling-factor  loss  of  only  about 
10  dB. 

Present  efforts  are  being  directed  toward  the  realization  of  an  optimum  device  structure 
with  low  spurious  levels  and  small  filling-factor  loss  for  the  processing  of  20 -MHz-bandwidth 
codes  of  up  to  10 -msec  duration  with  wide  dynamic  range,  and  a potential  signal-to-noise  en- 
hancement of  54  dB. 

R.W.  Ralston  J.H.  Cafarella 

D.H.  Hurlburt  E.  Stern 

F.J.  Leonberger 
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